UNIVERSIDADE FEDERAL DO CEARA
CENTRO DE TECNOLOGIA
PROGRAMA DE POS-GRADUACAO EM ENGENHARIA CIVIL: ESTRUTURAS E
CONSTRUCAO CIVIL

DANIEL LIRA LOPES TARGINO

INFLUENCE OF MICROSTRUCTURE AND CEMENT FORMULATION ON
STIFFNESS AND FATIGUE BEHAVIOR OF CEMENTITIOUS MATERIALS

FORTALEZA
2023



DANIEL LIRA LOPES TARGINO

INFLUENCE OF MICROSTRUCTURE AND CEMENT FORMULATION ON STIFFNESS
AND FATIGUE BEHAVIOR OF CEMENTITIOUS MATERIALS

M.Sc. Thesis presented to the Post-Graduate
Program in Structures and Civil Construction,
as a partial fulfillment of the requirements for
the Master’s degree in Civil Engineering at the
Federal University of Ceara.

Area  within the Graduate Program:
Building Materials

Advisor: Lucas Feitosa de Albuquerque Lima
Babadopulos, Ph.D.

Co-advisor: Yassine El-Mendili, Ph.D.

FORTALEZA
2023



Dados Internacionais de Catalogacao na Publicacao
Universidade Federal do Ceara
Sistema de Bibliotecas
Gerada automaticamente pelo modulo Catalog, mediante os dados fornecidos pelo(a) autor(a)

T192i Targino, Daniel Lira Lopes.
Influence of Microstructure and Cement Formulation on Stiffness and Fatigue Behavior of
Cementitious Materials / Daniel Lira Lopes Targino. — 2023.
158 £. : il. color.

Dissertagao (mestrado) — Universidade Federal do Ceara, Centro de Tecnologia, Programa de Pos-
Graduagao em Engenharia Civil: Estruturas e Construcao Civil, Fortaleza, 2023.

Orientagdo: Prof. Dr. Lucas Feitosa de Albuquerque Lima Babadopulos.

Coorientagdo: Prof. Dr. Yassine El-Mendili.

1. fatigue behavior. 2. quasi-static characterization. 3. cementitious materials. 4. microstructure. 5.
supplementary cementitious materials. I. Titulo.
CDD 624.1




DANIEL LIRA LOPES TARGINO

INFLUENCE OF MICROSTRUCTURE AND CEMENT FORMULATION ON STIFFNESS
AND FATIGUE BEHAVIOR OF CEMENTITIOUS MATERIALS

Approved in: 10/11/2023.

M.Sc. Thesis presented to the Post-Graduate
Program in Structures and Civil Construction,
as a partial fulfillment of the requirements for
the Master’s degree in Civil Engineering at the
Federal University of Ceara.

Area  within the Graduate Program:
Building Materials

Advisor: Lucas Feitosa de Albuquerque Lima
Babadopulos, Ph.D.

Co-advisor: Yassine El-Mendili, Ph.D.

COMMITTEE

Prof. Lucas Feitosa de Albuquerque Lima Babadopulos, Ph.D. (Advisor)

Federal University of Ceara

Prgf. Yassine EI-Mendili, Ph.D. HDR. (Co-advisor)
Ecole Spéciale des Travaux Publics, ESTP Paris

Prof. Marcelo Silva Medeiros Junior, Ph.D.
Federal University of Ceara

Prof. Cédric Sauzéat, Ph.D. HDR.
University of Lyon, ENTPE



A minha made Licia, por me
ensinar a ser a pessoa que SOU.
A Diana, por ser meu suporte e
sempre estar ao meu lado.



ACKNOWLEDGEMENTS

The following paragraphs are presented in both Portuguese and English, allowing me to
properly express my gratitude to everyone involved in this achievement. To all of you, my
deepest thanks.

Os seguintes paragrafos sdo apresentados em portugués e inglés, permitindo que eu
expresse adequadamente minha gratidao a todos os envolvidos nesta conquista. A todos voces,

0 meu mais profundo obrigado.

Os ultimos anos de trabalho foram tdo intensos que € dificil pensar que o esse mestrado
foi concluido em pouco mais de dois anos. Foram vdrios obstaculos, varios desafios, contudo
quanto maior o obstdculo melhor a sensac¢do de dever cumprido ap6s. Gratidao é o sentimento
que tenho por todos que fizeram parte dessa jornada. Tenho certeza de que essa trajetéria ndao
seria possivel sem a participagcdo de todos os envolvidos.

Agradeco a Deus por Sua constante orientagdo, determinagdo e forca durante esta
jornada académica, essencial para minha perseveranca e conclusdo de mais essa etapa.
Agradeco por tudo que me foi dado e por todas as pessoas que Ele colocou nessa trajetdria.
Considero a familia ser a base de tudo, por isso tenho muito a agradecer.

Agradeco aos meus pais, em especial minha mae Lucia e meu pai Targino, por serem o
meu suporte em todo momento € me ensinar a ser a pessoa que sou hoje, valorizando trabalho
duro, caréter, moral e a vida. Minha vida sempre foi um conjunto de altos e baixos, mas vocés
sempre foram meu constante ao longo de tudo. Sem sombra de divida, nao teria alcangado o
que tenho hoje sem seu apoio. Agradeco e lembro também de meus avds que ja nao estao mais
conosco. Agradeco também aos meus tios, meu irmdo, meus primos e sobrinhos. Todos vocés
contribuiram para a pessoa que sou hoje.

Agradeco a Diana, a quem escolhi para estar ao meu lado e o tem feito tdo bem. Nao
foram meses ou anos, ja temos uma histéria juntos de algumas ‘vidas’ e aventuras juntos. Sua
dedicacdo me fez alcancar mais esse marco e sem sombra de divida essa conquista € nossa.
Essa jornada ndo seria possivel sem vocé ao meu lado. Agradeco também a sua familia, Dona
Andlia, seus irmaos, tios e primos que me fizeram parte do seu todo.

De maneira especial agradeco ao meu orientador, Prof. Lucas Babadopulos. Lembro que
ao entrar no mestrado era alguém com o objetivo de atuar no exterior, e posso dizer ao final

dessa montanha russa dos ultimos anos que esse objetivo estd mais que bem atendido. Sua



orientagdo, criticas e forma de pensar moldaram um pesquisador mais preciso e aplicado.
Obrigado por sua dedicacdo e compromisso com meu crescimento académico.

Fadiga ndo € um trabalho de uma pessoa, mas sim de varias. Sem uma Gtima equipe as
vdrias noites viradas e turnos de trabalho no laboratério nao seriam possiveis e para isso tive os
melhores: Ingrid Lourany, Dulce Holanda e Pablo Martinez.

Agradeco ao Laboratério de Misturas e Pavimentacdo (LMP) da Universidade Federal
do Cear4, em especial a Prof*. Juceline Batista, pela confianca e pela liberacao de utilizacdo do
laboratério de misturas, em especial pelos intimeros agendamentos da prensa dindmica.
Agradeco também ao prof. Jorge, Annie e lolanda, por tornarem possivel e viabilizar o0 bom
andamento de tudo.

Agradeco ao grupo de pesquisa em Reologia de Materiais (ReoM), pela rica experiéncia,
compartilhamento de ideias, pensamentos e suporte.

Agradeco ao Prof. Eduardo Cabral e o Laboratério de Materiais e Construcao Civil
(LMCC) da Universidade Federal do Ceard pela extracdo de corpos de prova e liberagdao de
ensaios de caracteriza¢do mecanica.

Agradec¢o a Fundagao Cearense de Apoio ao Desenvolvimento Cientifico e Tecnolégico
(FUNCAP) através do projeto FUNCAP/INSA-ROUEN pelo financiamento do estidgio de

mestrado na Franga.

A vocés meu muito Obrigado.

When I first arrived in France, I was used to saying I was starting from scratch, knowing
nobody, and being completely unfamiliar with a new place. It was a daunting experience,
stepping into the unknown, but it was also an opportunity for growth and learning. But when I
came back, I left behind friends who became like family that I am going to cherish for life.

I would like to express my sincere gratitude to my co-advisor Yassine El Mendili. Thank
you for the opportunity to be in France, for the immense support during my stay in Caen, for
the guidance, and especially for all the support after I came back. I truly hope this partnership
continues in the upcoming years and hopefully, we can work together soon.

I would like to express my sincere thanks to Fouad Boukhelf, for the immense support
during my stay. Thank you for the invite to contribute to your ongoing research, for the valuable
contributions to this current achievement and for being extremely supportive during all my

staying in France. Your kindness and generosity have made this time more memorable.



Furthermore, Faraj, Meriem, Lally, Camila, Felipe, Marcela, Mohamed, Hitchem, are
all names part of this memorable stay. Each one of you has contributed to making a great time
of mine, being a rich and fulfilling experience.

This achievement is not just mine, but ours.

I would like to thank the Builders Ecole d’Ingénieurs and the FONDEOL Project for the
opportunity to have a six-month internship, for the support and funding. This experience has

been instrumental in my academic journey, providing me invaluable skills and knowledge.

To you all my sincere thanks.



“Gratitude is not only the greatest of
virtues, but the parent of all others.”
(Cicero 106 a.C. - 43 a.C.)



ABSTRACT

This master’s thesis investigates the influence of microstructural aspects and cement
formulations, particularly with the incorporation of supplementary cementitious materials
(SCMs), on stiffness and fatigue behavior of cementitious materials. The contributions are
formatted as three scientific papers. Firstly, (1) an investigation of the glass powder (GP)
influence as a SCM on the mechanical, physical and microstructural behavior of mortars is
presented. The results show improvements in several aspects, including heat of hydration,
porosity, and strength parameters. The sustainability also had significant improvement,
demonstrating the GP a feasible SCM addition for cementitious materials. Secondly, (ii) a
characterization method that accounts for the viscoelasticity of cementitious materials is
proposed. This method led to accurate and consistent findings when assessing the complex
modulus of cementitious materials. Finally, in the third paper, (iii) the influence of
microstructure and SCM additions on mechanic, quasi-static and fatigue behavior is addressed.
The findings demonstrate that the improved microstructural results, such as low heat of
hydration, denser pore size structures, and higher CSH content, for example, were aligned with
a lower cracks’ incidence and microstructural voids (up to 61.58%), higher absolute value of
complex modulus (up to 24%), lower phase angle (up to 0.56° in average), and improved
endurance limit by 19.80%. It is possible to address the influence of those aspects on
mechanical behavior and fatigue resistance. Additionally, methods were proposed for
mechanical characterization and fatigue tests in pure compression and tension, as well as for
data processing the results. Those validations demonstrated their consistency, resulting in
accurate measures and in agreement with the literature of complex modulus. This research
provides a more comprehensive perspective on fatigue, accounting for feasible optimization
parameters on the microstructure and SCMs incorporation, promoting the development of more

resistant, durable, and sustainable cementitious materials.

Keywords: fatigue behavior; quasi-static characterization; cementitious materials;

microstructure; supplementary cementitious materials.



RESUMO

Esta tese de mestrado investiga a influéncia de aspectos microestruturais e formulacoes de
cimento, especialmente com a incorporacdo de materiais cimenticios suplementares (MCSs),
na rigidez e no comportamento de fadiga de materiais cimenticios. As contribuicdes estao
formatadas em trés artigos cientificos. Em primeiro lugar, (i) € apresentada uma investigacdo
da influéncia do p6 de vidro (PV) como MCS no comportamento mecénico, fisico e
microestrutural das argamassas. Os resultados mostram melhorias em varios aspectos,
incluindo parametros de calor de hidratacdo, porosidade e resisténcia. A sustentabilidade
também teve uma melhora significativa, demonstrando que o PV € uma adicdo vidvel como
MCS para materiais cimenticios. Em segundo lugar, (ii) € proposto um método de
caracterizacdo que leva em conta a viscoelasticidade dos materiais cimenticios. Esse método
levou a resultados precisos e consistentes ao avaliar o modulo complexo de materiais
cimenticios. Por fim, no terceiro artigo, (iii) € abordada a influéncia da microestrutura e das
adicoes MCS no comportamento mecanico, quase estitico e de fadiga. As descobertas
demonstram que os resultados microestruturais aprimorados, como baixo calor de hidratacgao,
estruturas de poros mais densas e maior teor de CSH, por exemplo, sao alinhados com menores
incidéncia de trincas e vazios microestruturais (até 61,58%), maior valor absoluto do médulo
complexo (até 24%), menor angulo de fase (até 0,56° em média) e limite de resisténcia
aprimorado em 19,80%. E possivel abordar a influéncia desses aspectos no comportamento
mecanico e na resisténcia a fadiga. Além disso, foram propostos métodos para caracterizacao
mecanica e testes de fadiga em compressao e tensdo puras, bem como para o processamento de
dados dos resultados. Essas valida¢des demonstraram sua consisténcia, resultando em medidas
precisas e em concordancia com a literatura de médulo complexo. Esta pesquisa fornece uma
perspectiva mais abrangente sobre fadiga, levando em conta os pardmetros de otimizagao
vidveis na microestrutura e na incorporacdo de MCSs, promovendo o desenvolvimento de

materiais cimenticios mais resistentes, duraveis e sustentaveis.

Palavras-chave: comportamento de fadiga; caracterizagdo dindmica; materiais cimenticios;

microestrutura; materiais cimenticios suplementares.
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1 INTRODUCTION

This chapter serves as an introduction to the primary subject of the current study.
It explains its relevance, addresses research gaps and hypotheses, outlines both general and
specific objectives, and defines the study's scope. This approach is designed to offer a com-
prehensive understanding of the theme's significance and purpose, facilitating better engage-

ment with the upcoming chapters.
1.1 Context

The examination of fatigue behavior in cementitious materials is an ongoing re-
search topic of materials’ durability applied to structural applications, and it is especially rel-
evant for those subjected to cyclic loads. This encompasses applications including aerogener-
ators (towers and foundations), pavements, and bridges.

Fatigue assessment allows for the evaluation of their mechanical properties over
time as well as the progression of degradation through cycles and years. These characteristics
are intrinsic to these materials and gradually compromise their load-bearing capacity. This
degradation increases the risk of failure and potentially can lead to collapse.

The fatigue phenomenon in cementitious materials is complex, influenced by sev-
eral factors, and further complicated by their inherent heterogeneity. Despite sustained efforts
and recent research progress, critical scientific gaps remain to be addressed (Gan et al., 2022).
Advancements in this field promise to improve design methods and enhance mechanical per-
formance, durability and fatigue resistance (Anglani; Tulliani; Antonaci, 2020; Shah et al.,
2023), aligning with sustainability goals.

Fatigue assessment is important for several aspects. Understanding the mechani-
cal performance of cementitious materials under cyclic loads is vital for their safe use in struc-
tural and non-structural applications (Miiller; Mechtcherine, 2017). Examining their mechan-
ical response across loading cycles can provide insights into degradation, microstructural in-
homogeneities and cracks’ propagation (coalescence) (Han et al., 2014).

Furthermore, the development of accurate models is crucial for predicting fatigue
life and durability, aiming for durable and resistant structures (Ciavarella; Carbone; Vinogra-
dov, 2018), assessing the effects of loading, simulating its implications on composites (Vass-
ilopoulos, 2015), and optimizing their designs. The development of cementitious composites
with strain-hardening properties has also shown promise in enhancing structural performance

and durability (Huang et al., 2017; Zerbst; Madia, 2021).
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Fatigue resistance itself is influenced by numerous factors. These factors include
structural imperfections such as pores, deficiencies in particles’ adhesion, surface roughness,
microstructural anisotropy and even residual stresses (Zerbst; Madia, 2021). As a result, these
elements can reduce load-bearing capacity, impacting fatigue resistance and increasing the
stress-strain variability of their mechanical responses.

The inherent heterogeneity poses a challenge in determining representative prop-
erties (Ding et al., 2019), necessitating the consideration of defects, surface irregularities, and
residual stresses in the experimental assessment (Huang et al., 2017). Mitigating these factors
is crucial for accurate evaluation and the preservation of structural integrity (Correia; De Je-
sus; Calcada, 2017). Furthermore, amplifying load-bearing capacity and materials’ stiffness
can culminate in improved fatigue resistance (Wang, 2012).

Microstructural attributes also exert a profound influence on fatigue. Microscale
features such as fillers’ and aggregates' surface smoothness, grain boundary, void content, and
micropores can directly govern crack initiation, affecting the degradation mechanisms (Chan,
2010). In this context, materials more fatigue-resistant result from the optimization of the mi-
crostructure by reducing void content, introducing finer fillers, strengthening interfacial tran-
sition zone (ITZ) bonding properties, and improving stiffness (Qiu; Yang, 2017).

Additionally, microstructure can also influence the viscoelastic properties. Finer
particles exhibit reduced creep behavior, enhancing aggregates-cement interfacial transition
zone (ITZ) (Giorla; Dunant, 2018). The presence of deformations caused by internal stress,
such as those resulting from drying shrinkage, can affect the residual deformations and stress
accumulation in materials subjected to cyclic loads (Corrado; Molinari, 2016).

In summary, microstructural parameters play a crucial role in fatigue, influencing
cracks initiation (nucleation), stiffness behavior, viscoelastic traits, and residual deformations,
directly impacting fatigue and mechanical response.

Furthermore, the use of supplementary cementitious materials (SCMs) such as
blast furnace slag, fly ash, metakaolin, and limestone has shown the potential to enhance fa-
tigue life (Anurag et al., 2021). The incorporation of these materials can affect both the fresh
and hardened properties of cementitious materials and result in the production of low-carbon
cementitious composites (Weng; Liao, 2021).

The development of low-clinker binders aligns with global initiatives for more
sustainable solutions. The addition of SCMs in cementitious materials has the potential to

enhance microstructure, reduce drying and autogenous shrinkage and improve compressive
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strength (Sagar; Sivakumar, 2021), thereby positively impacting fatigue, mechanical perfor-
mance and durability (Kemer et al., 2021; Qian et al., 2022).

According to the literature on SCMs, several additions have demonstrated the po-
tential to improve fatigue life, with a focus on microstructure and mechanical behavior. The
incorporation of glass powder (GP) and silica fume (SF) as SCMs has a profound influence
on the fresh state, mechanical attributes, and microstructure (Boukhelf et al., 2021).

The addition of GP enhances workability while reducing thermal conductivity and
specific heat. It refines the porous structure, increases density, and improves water resistance
(Boukhelf et al., 2021; Fu et al., 2021). Similarly, SF enhances mechanical properties through
the improvement of the nucleation resistance and pozzolanic effects. By promoting cement
hydration, SF consumes more Ca(OH), and precipitates a higher content of calcium silicate
hydrate (CSH) and calcium aluminosilicate hydrates (CASH), resulting in increased strength
(Guo et al., 2021).

The synergistic application of GP and SF can further enhance microstructure
through its densification, internal stress alleviation, improved stability and increased water
resistance (Keerio et al., 2022). In general, the incorporation of GP and SF can improve mi-
crostructural properties, potentially leading to improved fatigue resistance.

Furthermore, when assessing the literature on fatigue behavior, it is evident that
there are gaps concerning testing methodologies, including variation in loading conditions
(Becks et al., 2022, 2023), environmental contexts, fatigue modeling and analysis methods.
Similarly, assessing the experimental results available, loading regimes such as tensile and
shear loading remain underexplored.

There is also a growing demand for research to focus on modulus characterization
in this field, with a particular emphasis on accounting for viscoelastic aspects (Chu et al.,
2023b; Wang; Duan; Zhu, 2021; Zhao et al., 2013). This parameter, intrinsic to fatigue, re-
quires comprehensive investigation, having significant implications for both fatigue behavior
and the mechanical performance of these materials. Viscoelastic stress modeling and modulus
characterization are important for understanding their mechanical behavior and performance
under different loading conditions (BaZant; Jirdsek, 2018; Zhao et al., 2013).

The current investigation is connected to three research initiatives: (i) the
FONDEOL project (Problématiques propres aux Fondations d’éoliennes en zone littorale),
dedicated to aerogenerator tower foundations , a collaborative effort involving French agen-
cies, companies, academic institutions, with the contribution of the Federal University of

Ceara (from October 2019 to March 2023), (i1) the BLUEPRINT project, pursuing the creation
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of a model of circular economy, focusing on sustainable solutions and materials, traversing
the France Channel England expanse in both British and French contexts, and (ii1) the FUN-
CAP/INSA-Rouen project (“Challenges with respect to aerogenerators' foundation in coastal
zones”’), an international cooperative endeavor, from Ceard, Brazil, and Normandy, France.
These initiatives coalesce within a broader framework focused on establishing
Franco-Brazilian research cooperation in Civil Engineering, imparting a decisive focus on
renewable energies. This partnership facilitated a six-month academic mobility in Caen,

France, at the laboratories of Builders Ecole d’ingénieurs.
1.2 Problem Statement

The investigation of fatigue behavior is a continuous endeavor to ensure structural
integrity and durability. The growing demands of various industries present an escalating need
for more sustainable solutions and enhanced materials performance.

Fatigue assessment holds relevance across a wide range of applications. Dynamic
and cyclic loads require a comprehensive understanding of their impact on mechanical per-
formance and degradation. The development of materials with enhanced durability, with im-
proved fatigue resistance, holds the potential to extend service life and enhance durability,
ultimately contributing to more sustainable structures.

The incorporation of SCMs has garnered significant attention due to their ability
to enhance both mechanical and microstructural aspects while addressing environmental con-
cerns. Research exploring the relationships between material composition, microstructure, and
fatigue, reveals that the incorporation of SCMs such as GP and SF leads to positive results in
terms of microstructure and mechanical properties, potentially influencing fatigue resistance.
Further investigation into those influences is essential to provide a comprehensive overview.

Moreover, given the multifaceted nature of these factors, it is essential to establish
methodologies for assessing fatigue, requiring accurate models and reliable analytical tools to
yield precise results. Mechanical characterization is a crucial prerequisite in fatigue investi-
gations. Stiffness characterization provides insights into the elastic and viscous behavior,
which are relevant for fatigue investigations. This comprehensive understanding guides the
development of improved cementitious materials with enhanced fatigue resistance.

Despite the relevance of cementitious materials in construction and their usage in
dynamic applications, the influence of SCM additions and microstructure aspects on fatigue
remains poorly understood. This lack of comprehensive knowledge hinders the optimization

of these materials and makes it difficult to obtain enhanced durability and performance.
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By elucidating these influences, this study aims to address critical gaps in the cur-
rent state-of-the-art literature. With this problem research in mind, it is intended to explore the

following topics on the identified literature gaps:

e  What is the potential of incorporating SCMs for improving mechanical and
microstructural properties and enhancing mechanical and fatigue behavior?

e How can testing technologies and analysis methods better characterize
cementitious materials under cyclic or dynamic loads?

e What is the influence of microstructural aspects of cementitious materials on
the mechanical and fatigue behavior?

e What contributions can be found from the evaluation of the fatigue behavior of

cementitious materials in pure tension?

By gaining a deep understanding of how cementitious materials behave under dy-
namic and cyclic loads, this research can provide valuable knowledge into the development

of more fatigue-resistant materials with improved strain response and durability.

1.3 Research Objectives

1.3.1 Main Objectives

The primary objective of this study is to investigate the influence of microstructure
and cement formulations, particularly with the incorporation of supplementary cementitious
materials (SCMs), on the stiffness and fatigue behavior of cementitious materials. In addition,
this study intends to propose an optimized cement formulation for enhanced fatigue behavior
and address a literature gap on the fatigue behavior of cementitious materials in pure tension.

Through a comprehensive examination of these research questions, this study
aims to contribute to a deeper understanding of the fatigue behavior of cementitious materials.
The insights gained from this research have the potential to inform the development of fatigue-
resistant composites, with improved durability, and contribute to the creation of structures

better equipped to withstand the challenges of cyclic loading conditions.
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1.3.2 Specific Objectives

To achieve the main objective, specific objectives should be attended to providing the

conceptual knowledge to assess fatigue behavior in the current primary goal. Those include:

1. To evaluate the potential of GP and SF additions, as potentially beneficial SCMs,
in cementitious materials, to improve mechanical aspects, physical parameters,
and fatigue behavior focusing on the influence of the microstructural changes;

2. To propose and validate a mechanical characterization method able to assess the
viscoelasticity of cementitious materials under cyclic loads for both compression
and pure tension;

3. Toinvestigate the influences and direct implications of microstructural aspects on
the mechanic, quasi-static, and fatigue behaviors while evaluating optimization
potential;

4. To evaluate fatigue behavior in pure tension and degradation curves, comparing

them with available literature and standard codes.
1.4 Structure Of The Dissertation

The current research is structured into five chapters, each contributing to a
comprehensive exploration of the subject matter. Chapter 1 contextualizes the research
problem, outlines objectives, and underscores its relevance. Chapters 2 to 4 are presented in
the format of scientific articles. These chapters streamline the organization and publication of
research findings, offering a focused understanding of specific subjects. Finally, Chapter 5
serves as the summary of the findings, providing a thorough synthesis of the results achieved,
and their significance to the state-of-the-art.

Chapter 2 was published in the Materials journal with an open access content
(Boukhelf et al., 2023), Chapter 3 was published in the Journal of Building Pathology and
Rehabilitation (Targino et al., 2023), and Chapter 4 is planned to be submitted to the
International Journal of Fatigue.

Chapter 2 involves an experimental investigation focused on the influence of GP
on the mechanical and physical properties of mortar compositions. The primary objectives
encompass a comprehensive overview of its influence over a 3 to 90-day range and elucidate
the interplay between GP incorporation and short-term mechanical strength. Additionally, it

explores the potential for long-term strength evolution due to underlying pozzolanic reactions.
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An innovative aspect of this study lies in the analysis of the heat of hydration through a refined
ANN model, to identify the cement hydration modes. By delineating the GP effects, the main
contribution of the chapter is to provide an overview of the understanding of its implication
on microstructure and physical aspects, while providing initial experimental evidence for
further assessment of fatigue behavior.

Chapter 3 focuses on the mechanical characterization of cementitious materials
and their implications on durability and mechanical performance. It evaluates a proposed
cement fatigue-enhanced formulation using SCMs applied to mortars and concretes, aiming
to improve stiffness under cyclic loads. Methodologically, it entails static tests for
compressive and tensile strengths and proposes an innovative cyclic stiffness test, assessing
elastic and viscous components of the cementitious materials under sinusoidal loads in the
frequency domain. The experimental program includes tests in pure compression and pure
tension across frequencies from 0.1 Hz up to 25 Hz. Findings suggest that the fatigue-
enhanced formulation resulted in a stiffer material with 23% improved modulus and 13.8%
higher loss modulus, affecting the energy dissipation. These findings can extend durability,
and provide insights into improved fatigue life. The main contribution of this chapter is the
proposition of a reliable characterization method, for both compressive and tensile loading
regimes, able to assess the viscoelastic behavior of cementitious materials. This testing
methodology can be applied both for complex modulus assessments and fatigue tests.

Chapter 4 focuses on the assessment of fatigue behavior in pure tension, with a
comprehensive investigation of the influence of microstructural and physical aspects on
fatigue life. This objective fills a gap in the literature, as it explores the influence of SCMs on
fatigue and provides experimental data in pure tension. The proposed cement formulation
shows a 19.80% improvement in endurance limits, up to a 24.64% increase in the absolute
value of complex modulus, a stiffer material, and up to a 0.56° decrease in the phase angle,
based on the reference formulation comparison, indicating a more elastic behavior with a
reduced viscous component. The main contribution of this chapter is the evaluation of the
interlink between microstructure and fatigue behavior, in addition to the experimental findings
in pure tension and the extended fatigue life findings of the proposed cement formulation.

The concluding thoughts regarding the results achieved are in Chapter 5. This
chapter summarizes the research, outlining advancements, potential enhancements, and

prospects for future endeavors.
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2 INSIGHT INTO THE BEHAVIOR OF MORTARS CONTAINING GLASS
POWDER: AN ARTIFICIAL NEURAL NETWORK ANALYSIS APPROACH TO
CLASSIFY THE HYDRATION MODES

The main content of this chapter is also available with
open access at BOUKHELF; TARGINO; BENZAAMA;
BABADOPULOS; EL MENDILI, (2023), published in the

Materials journal.
ABSTRACT

In this paper, an artificial neural network (ANN) model is proposed to predict the hydration
process of proposed cement formulations. This model overcomes the lack of input parameters
of physical models, providing a realistic explanation of hydration with few inputs and fast
calculations. Indeed, four mortars were studied based on ordinary Portland cement (CEM I),
blast-furnace cement (CEM III), and glass powder (GP) as a cement replacement. These
mortars were named CEM 1 + GP and CEM III + GP. The properties of the mortars were
characterized and their life cycle assessment (LCA) was established. Indeed, a decrease in
porosity was observed at 90 days by 4.6%, 2.5%, 12.4%, and 7.9% compared to 3 days for
CEM [, CEM III, CEM I + GP, and CEM III + GP respectively. In addition, the use of GP
resulted in a reduction of mechanical strength in the short term. At 90 days, CEM I + GP and
CEM III + GP demonstrated a decrease of 28% and 57% in compressive strength compared
to CEM I and CEM III respectively. Nevertheless, the strength evolution did not cease with
an increasing over time, due to the continuous pozzolanic reactions between Ca(OH), and
silica content (Si*) in GP and slag present in CEM III, demonstrated by a thermo-gravimetrical
(TG) analysis. To summarize, the CEM III mortar achieved similar performance compared to
the CEM I + GP mortar in the long term. Moreover, the ANN model proposed was able to
identify the cement hydration modes with the resulting model having an R? score accuracy
from 0.968 up to 0.997 compared to the experimental data, allowing a precise identification
of the hydration modes. The proposed ANN model poses as a powerful tool to allow cement
manufacturers to quickly identify differences in cement hydration by using a simple input

parameter, the heat of hydration.

Keywords: artificial neural network; data processing; cement; glass powder valorization;

life cycle assessment.
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2.1 Introduction

With a production of about 10 Gm3/year, concrete is the most relevant building
material, having a notable contribution to the world’s environmental problems and greenhouse
gases emissions (GHGe) due to its production of more than 4 billion tons/year, at temperatures
higher than 1450 °C (Gencel et al., 2021; Miller; Horvath; Monteiro, 2016). Indeed, concrete
is responsible for 4 to 8% of the world’s CO2 and GHGe corresponding to 50% of the emis-
sions in construction alone (Prakash et al., 2019; Sundaresan; Ramamurthy; Meyappan,
2021). Among raw materials, only coal, petroleum oil and natural gas have a higher potential
for GHGe (WBCSD, 2009).

One reflection that emerged in recent decades is the proposition of new cement
formulations, by replacing clinker with alternative binders, named supplementary cementi-
tious materials (SCMs), with similar characteristics, comprehending pozzolanic activities and
contributing to improved hydration products. The reduction in cement manufacturing’s carbon
footprint and GHGe remains a challenge, with a strong appeal in the upcoming years.

On the optics of the SCMs assessment, when raw glass becomes waste, it is usu-
ally destined for landfill. It is not a sustainable approach once it does not decompose in the
environment. The recovery of glass waste eliminates unnecessary landfill areas and can also
reduce energy consumption. As a result, it is necessary to develop solutions more environ-
mentally friendly. After the refinement of raw glass, it becomes glass powder (GP).

One of the proposed applications is the partial replacement of ordinary Portland
cement (OPC), the most polluting component of concrete, by wastes and by-products, while
keeping similar mechanical characteristics. Several industrial by-products have been success-
fully used as SCMs, including silica fume (SF), ground granulated blast furnace slag
(GGBFS), and fly ash (FA) (Antoni; Chandra; Hardjito, 2015; Bani Ardalan; Joshaghani;
Hooton, 2017; Shen et al., 2020). These materials’ additions result in blended cements with
the potential to improve concrete’s durability, long-term strength, workability, costs and sus-
tainability.

The GP studied in this paper, is highlighted as a feasible solution for manufactur-
ing concretes with lower GHGe due to its pozzolanic properties (Paul; Savija; Babafemi,
2018; Serpa et al., 2013; Shayan; Xu, 2004; Zidol; Tognonvi; Tagnit-Hamou, 2017).

Every year, millions of tons of glass waste are generated worldwide (Bouchikhi

et al., 2019; Ling; Poon; Wong, 2013). In addition to reducing the amount of cement in
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concrete, this waste can be recycled with that intention. This could be an important step toward
sustainable development (Bouchikhi et al., 2019; Du et al., 2021).

Furthermore, GP provides an additional performance in terms of workability (Yin
et al., 2021), microstructure properties (Gotek et al., 2020; Petrella et al., 2022), mechanical
strength and performance in the long term (Gotek, 2019; Szydtowski; Szudek; Gotek, 2021),
durability (De Castro; De Brito, 2013), and hygrothermal performance (Boukhelf ez al., 2021;
Chand; Happy; Ram, 2021; Du et al., 2021).

In the context of sustainable applications of by-products in environmentally
friendly cementitious binders, life cycle analysis (LCA) is a suitable tool for quantifying the
environmental impacts of those solutions and supply chains (Boesch et al., 2014).

Assessing the literature on LCA for concrete and cementitious materials, it is seen
that the major pollutant component is the OPC, due to the clinker manufacturing process.
Indeed, there are three main steps for OPC manufacturing: (1) the pre-processing, involving
the transformation of the raw materials into a fine powder to enter the preheater; (ii) the cal-
cination, with the clinker formation at temperatures higher than 1450 °C, and finally (iii) the
gypsum addition and final grinding to transform them into a fine powder. Figure 1 describes

this entire process over LCA inputs and outputs evaluation.

Figure 1 - Basic process, “cradle-to-gate” scope and system limits
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Source: Sanchez et al. (2021).

The main steps of the LCA are (i) the determination of the scope and boundaries
of the OPC manufacturing process and its partial replacement by SCMs, (ii) the selection of

the input and output data to compose the life cycle inventory (LCI) based on the literature data
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(Chen et al., 2010; Crossin, 2015; Guignone et al., 2022; Huntzinger; Eatmon, 2009; Sanchez
et al., 2021; Valderrama et al., 2012; Zulkarnain et al., 2021), (iii) the computing of the mix
proportions and SCM additions to quantify environmental impact of the formulation proposed
in this study, and (iv) finally, to present the results assessing the variations in GHG emissions,
and energy and raw material consumption.

The regulatory parameters of the cements used are presented in Table 1, including

the two types of cement used in this study (CEM I and CEM III).

Table 1 - Cement regulations following European Standard EN 197-1

Mineral Content

Class Mineral Components/Inorganic Pro- Market
Allowa-  Aver- cess Additions Share
ble age
Ordinary Portland ce- . .
ment (CEM T) <5% 2.5% Inorganic process addiction 30%
Portland Composite Ce- GGBFS, Silica Fume, Pozzolan, Fly Ash,
ment (CEM 1I) 6-35% 20.5% Burnt Shale 37%
Blast Furnace Cement
(CEM 11 36-95% 65.5% GGBFS 5%
Pozzolanic Cement .
(CEM IV) 11-55% 33% Silica Fume, Pozzolan, Fly Ash 6%
Composite Cement
(CEM V) 36-80% 58% GGBFS, Pozzolan, Fly Ash 3%

Source: Sanchez et al. (2021).

Indeed, the usual mineral addition for CEM 1 is gypsum (CaSO4 2H>0) with a
maximum content of 5% to control the cement setting time. Regarding CEM III, it mainly
contains ground granulated blast-furnace slag (GGBFS) with content between 36% and 95%.
The current LCA assessment will be divided specifically into the assessment of these main
three materials (i.e., Portland Clinker, GGBFS, and GP) with the resulting formulations.

To investigate the hydration kinetics of these alternative binders, several models
have been proposed in the literature over recent decades. The heat of hydration models are
dependent on several variables, some of which are difficult to foresee or account for. Finding
a credible model that accurately describes the heat of hydration remains an endeavor.

Based on the literature, the simulation methods are classified into three categories:
(i) linear regression models (Qin; Gong; Xie, 2021), (ii) physical models (Tahersima;
Tikalsky, 2017), and (iii) intelligent computing models. Linear regression models are con-
structed based on the least-squares methods, fitting the model to the experimental data under
the assumption that there are linear (or nonlinear) and independent correlations between heat

of hydration and its influencing factors (i.e., hydration age, cement fineness and
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compositions). The literature reports a non-assumptive linear regression method to predict the
heat of hydration of OPC (Qin; Gong; Xie, 2021).

Concerning the physical models, several models have been proposed in the liter-
ature for modeling heat of hydration. Tahersima and Tikalsky (2017) used a finite element
model to predict the heat of hydration in a concrete slab-on-grade floor with limestone cement.
The results showed that the prediction accuracy of finite element results is about 15% more
for the maximum temperature rise and 30% more for the peak time.

However, the main difficulty of these models lies in the accurate determination of
their thermal properties to back-feed the simulation parameters and the calculation demands
high computational processing. Kondo (1968) proposed a single-particle model that considers
the circular-shaped layered growth of a uniform thickness of hydrates on a spherical single-
reaction cement particle to characterize the hydration kinetics of alite (C3S). Pommersheim
and Clifton (1979, 1982) suggested an integrated single-particle reaction-diffusion model for
the hydration of C3S.

The hydration was modeled by using a classical approach to deal with reactions
and diffusion at phase boundaries. Recently, He ef al. (2020) developed a numerical method
to describe the OPC heat of hydration under steam curing conditions. It has been employed
with an iterative algorithm and validated by experimental results.

More recently, Nguyen et al. (2021) investigated the effects of cement particle
size distribution (PSD) on hydration using a three-dimensional computer simulation. The sim-
ulation used a model based on the CEMHYD3D code and a random distribution method,
which requires a lower computing demand in generating a pre-hydrated model than the corre-
lation function method.

In the work of Chu et al. (2022a) the CEMHYD3D code was also used to numer-
ically model the hydration of cement paste by following the evolution of all phases and pre-
dicting the properties of hydrated cements.

Furthermore, Zhao et al. (2022) studied the early-age hydration of blended cement
and modeled its hydration kinetics by measuring the heat of hydration. Within this paper, the
classification of hydration modes was discussed based on the Krstulovic—Dabic model (Dabi¢;
Krstulovi¢; Rusi¢, 2000; Krstulovi¢; Dabi¢, 2000), which was built on the data from the hy-
dration rate. The limitations of the numerical methods listed indicate that there is a knowledge
gap to be addressed, making feasible the use of machine learning techniques to assess this

phenomenon.
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Indeed, machine learning models often encompass artificial neural networks
(ANN) which are versatile models, able to assess and model different datasets having diverse
complexity levels (Chen et al., 2019; Hong et al., 2020; Lin et al., 2020; Xu et al., 2022).
Nevertheless, a knowledge lack on ANN applications to predict hydration was addressed.

Based on the literature, there was a scarcity of investigation on heat of hydration
thermal analysis using machine-learning techniques. In addition, only two studies highlight
the use of ANN models to investigate the OPC heat of hydration (Cook et al., 2021; Subasi,
Yilmaz; Binici, 2009).

Subasi et al. used an approach based on an adaptive neuro-fuzzy inference system
(ANFIS) (Subasi; Yilmaz; Binici, 2009). Cook et al. (2021) used a random forest (RF) model
to achieve high-accuracy predictions of time-dependent thermal hydration kinetics of OPC.
Indeed, the largest drawback of RF is that it can become too slow and ineffective for real-time
forecasts when there is a large learning architecture.

In general, these algorithms are fast to be fitted, but take a longer time to predict
after training. Additionally, ANFIS has a significant processing cost due to its complex data
structure and learning gradient. This is a drawback for applications with a large dataset (Sal-
leh; Talpur; Hussain, 2017).

Due to this wide range of factors influencing the performance of cement hydra-
tion, the dynamic simulation of the hydration is a difficult task. Several variables may influ-
ence the heat of hydration, being occasionally difficult or complex to account for. It makes
difficult the proposition of models that accurately describe the hydration behavior.

Indeed, this is a complex and non-linear system also influenced by environmental
aspects. However, the identification of the thermal parameters to back-feed the model is the
main challenge of the physical models. For this reason, in this paper, it was employed an ANN
model to analyze the hydration process and identify the cement hydration modes, based on
the heat of hydration experimental data.

The paper aims to address a literature gap by presenting a numerical and ANN
model that can overcome the mentioned obstacles, providing a feasible explanation of heat of
hydration, with fewer inputs and faster calculations. To contribute on that matter, the specific
objective of this current paper can be addressed as, (i) to assess the environmental impact of
proposed binders, highlighting the potential of GP as an SCM, improving the cement’s GHGe,
(i1) to investigate the effect of GP on the heat of hydration, microstructure and mechanical
properties of mortars, in addition to the thermogravimetric analysis (TGA) (iii) to propose a

numerical approach to identify and classify the hydration modes of the cement hydration.
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For this last intent, a multilayer perceptron (MLP) regressor was used to generate
a numerical discrete model, which is adjusted to the thermal hydration experimental data. This
method provides a model with less noise and interference. This noise refers to both fluctua-
tions in the thermal readings and even inaccuracy or low precision of the testing method. Once
validated, the generated model was assessed by a numerical approach to identify the hydration
transition modes. This numerical analysis is based on continuous local maxima and minima
identification through the continuous (Kolani et al., 2012; Riding et al., 2012; Luo; Wei, 2022;
Meinhard; Lackner, 2008). This method allows the development of a reliable model that can

efficiently assess the cement heat of hydration for different formulations (Wang, 2021).
2.2 Methodological Procedure — Part I

Following the approach presented in Figure 2, the methodology employed in this
paper was divided into experimental and numerical procedures. The initial step concerns the
materials' characterizations and their LCA assessment. The second step focuses on data pro-

cessing to assess the heat of hydration of the proposed mortars.

Figure 2 - Conceptual study plan
EXPERIMENTAL PROCEDURE

CEM1 . BINDER FRESH STATI ' HARDENED STATE CHARACTERIZATION

I
< CHARACTERIZATION ; CHARACTERIZATION
z
e l [\
| 5 | ‘\‘ g AN
CEM I11 =] [
=
O | /
- | -
7 | Pres,
o | ®
Z | Heat Hydrati ‘ Water Compressive
z eat Hydration ‘ TGA p
e l Analysis Porosimetry  Strength
‘ ‘ ‘ NUMERICAL PROCEDURE
|L.CA PROCEDURE : e i 20 @ ANN Model Data
o 080 i . +  1stTransition
T or | O 2 o +  2stTransition
2 o0 I O"::‘ = 7 210! A « 3st Transition
& 080 S fhrmy ~QE +  Heat Flow Endpoint
3 ow ‘ ° - = O 5| / W Experimental Data
g 000 2 LA -
Y | 1 S S ——
g 030 ‘ o O' sove 80 Z 9 e 2° Mode
| e 2E gf @
i o B = o3 3° Mod
8 oo00 - ! - P < 238 e
co2 H20(g)  Particulates Waste | & o ;‘ 2
. EY s 4= =
(i) GHG Enmissions; \ . S8 35 & 3 5
! (i) Raw Materials Consumption; { S - ol o ﬁs - =] - 208
(iii) Energy Consumption. | Time (h)

Source: Author (2023).



29

2.2.1 Experimental Procedure

Experiments were carried out to investigate the effect of the OPC replacement on
the proposed binders. It can lead to significant improvements in GHGe, by incorporating al-
ternative SCMs as GP. The GP addition can affect the workability, heat of hydration, and
mechanical properties. In the first part of the methodology, a characterization of the cements’
constituents was performed through PSD and density analysis. Afterward, mortars with OPC
(CEM 1 52.5 N), blast furnace cement (CEM III 32.5 N), and GP were mixed. In this study,
the OPC replacement ratio was addressed in a fixed mass ratio of 50% by GP.

Zeybek et al. (2022) conducted a series of compressive, splitting tensile and flex-
ural strength tests to investigate the effect of waste GP on concrete mechanical properties. In
their study, GP was used in a mass replace ratio of up to 50% of OPC. The study conducted
by Kalakada, Doh and Zi (2020) showed a decrease in compressive strength at high OPC
replacement ratios. The concrete compressive strength was reduced by 65% having a 50% of
OPC mass replacement by GP.

In this study, it was chosen the mass replacement ratio of 50% based on literature
findings with high replacement rates. However, it is important to notice that the current focus
is given to assessing the feasibility and validation of the proposed ANN model, assessing
materials with low heat of hydration, which is expected from OPC formulations with high
replacement rates, of up to 50%.

The mortars’ microstructure characterization was conducted with an isothermal
calorimeter assessment, water porosity tests and a TG analysis. In addition, the workability
and mechanical strength were also evaluated and compared to reference mortars with CEM 1
and CEM III. To explain the mechanical strength improvement and the decrease in the poros-

ity in the long term, the TG analysis was performed after 90 days.
2.2.1.1 Raw Materials

Two types of cement were used in this study, CEM 1 52.5 N and CEM III 32.5 N
in compliance with EN 197-1 (CEN, 2012a). GP was used as an SCM in the cement mass
replacement. The raw glass was recovered from demolition glass waste, provided by a waste
disposal plant in Caen metropolitan region (Normandy, France). The binders’ density was
determined using a helium pycnometer and the PSD was assessed by a laser PSD analyzer in

the wet process in compliance with the NF EN 933-1 (CEN, 2012b).
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Figure 3 shows the PSD of the binders’ components. The results show that the
studied CEM I and CEM III were almost the same size as the literature result (Kheir ef al.,
2021) which is attributed to the clinker refinement control of the OPC manufacturing. Oppo-

sitely, GP presented a consistent coarse aspect, an influence of the adopted refinement process.

Figure 3 - PSD of the OPCs and GP employed
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Furthermore, Table 2 presents the particle size percentile results, including max

diameters and the density results assessed by the pycnometer methodology.

Table 2 - PSD percentile result and density of binders’ components

CEM1 CEM 111 GP
dio (um) 3 1.5 8
dso (um) 16 13 40
doo (um) 40 32 80
dinax (Lm) 300 70 120
Density (kg/m?) 3150 2880 2510

Source: Author (2023).

Indeed, by assessing the PSD percentiles, the Dso were 16 um, 13 um, and 40 um
respectively. Studies have proven that a higher GP fineness, finer than 75 um, results in poz-
zolanic activity instead of alkali-silica reaction (ASR) (Idir; Cyr; Tagnit-Hamou, 2010, 2011).
Concerning density, CEM I presented the higher density, being a direct influence of the high

clinker content of the formulation.
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2.2.1.2 Mix Design and Experimental Protocol

The mortars were fabricated using the mix design method described by Equations

1 to Equation 4 (Bordy et al., 2017).

Vs + Ve + Vgp + Vi = 1m3 (1)
GPVI-/i- ¢ =05 @
C -(I;—PGP =05 )
GPS+ ¢ =03 @

The Vs, V¢, Vip, and Vi, (units in m3) are the sand, cement, GP, and water volumes,
respectively. S, W, GP, and C (kg) are the sand, effective water, GP, and cement contents per
cubic meter of mortar, respectively. The water-to-binder ratio (W/B) was 0.5 (Equation 2).

The values of paste volume and W/B were chosen to obtain a homogeneous mortar
mixture by limiting bleeding and segregation while ensuring workability (Bordy et al., 2017).
Moreover, the W/B was adopted high enough to mitigate the self-desiccation phenomenon
due to cement hydration (Jensen, 1995; Persson, 1997). The cement replacement ratio was
fixed at 0.5 (Equation 3) to maintain the GP as equal to the C. The Vs was fixed to obtain a

total mortar volume of 1 m3. The mortar mix designs are given in Table 3.

Table 3 - Mix proportions of mortar (kg/m3)

CEM I CEM III CEMI+GP CEMII+GP

Sand 0/4 1795 1638 1761 1685
CEMI 500 0 250 0

CEM III 0 500 0 250

GP 0 0 250 250
Water 250 250 250 250
Superplasticizer 1.8 1.5 1.4 1.2

Flow (cm) 12 13 17 21

Source: Author (2023).

A superplasticizer polycarboxylate was added to all mixtures to obtain a compa-
rable consistency. Indeed, due to the low superplasticizer content, compared to the mortar
constituents, its content was almost neglected. The superplasticizer/cement ratio varied be-

tween 0.36% and 0.54%. The slump at the fresh state varied between 12 and 21 mm.
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In the fresh state, the workability of mortars was assessed using a flow table test
according to the ASTM C230/230M (ASTM, 2014). This test was performed by placing mor-
tar in a mini mortar cone in two layers on a vibrating table. Then, 15 vibrations are applied
with a speed of 1 vibration/second. At the end of this test, the flow is measured. In the hard-
ened state, the porosity, and compressive and tensile strengths were assessed.

Complying the NF EN 933-1, it was cast prismatic mortars with geometries of 4
cm X 4 cm x 16 cm (CEN, 2012b). The specimens were cured at the standard conditions (i.e.,
for 24 h at 20 £ 1 °C and relative humidity no less than 60%). Then, the specimens were
unmolded and cured in water for different test ages (3, 14, 28, and 90 days) at 22 + 1 °C.

The water porosity tests consisted of placing the specimens in saturation benches
until the complete water saturation which was additionally ensured by a vacuum pump (LA-
BORATOIRE MATERIAUX ET DURABILITE DES CONSTRUCTIONS, 2009). Follow-
ing 24 hours of saturation the specimens were collected, wiped and their wet and underwater
weights were measured. After that, the specimens were placed in an oven, at 105 °C, for 24 h
having a second weight measurement in dry conditions (LABORATOIRE MATERIAUX ET
DURABILITE DES CONSTRUCTIONS, 2009).

For the compressive and flexural strength test parameters, the loading rates were
2.4 £0.2 kN/s and 50 + 10 kN/s, respectively. The TG analysis was carried out to monitor the
solid phase formations and the pozzolanic content (portlandite—CH, calcite—CC, etc.). The
device used was the NETZSCH® instrument (STA 449 F5 Jupiter, Selb, Germany). It consists
of a sealed chamber for atmosphere control of the sample by injection of helium gas, an oven
to manage the temperature, a weighing module (microbalance), a thermocouple to measure
the temperature, and a computer for data acquisition.

During the test, the temperature is increased from the temperature room up to 1200
°C with a constant rate of 10 °C/min. This increasing rate is used in the literature, and it is
recommended by the French standard (LABORATOIRE MATERIAUX ET DURABILITE
DES CONSTRUCTIONS, 2009). The obtained TG results were used to calculate the port-
landite rate (%CH) and the chemically bonded water (%w,) by Equations 5 and 6 (Kal-
pokaité-Dickuviené et al., 2022).

m -m M
%CH = 410 490 % Ca(OH)2 % 100% (5)
Myogo M0
My — M
Y%owy, = —r 290 % 100% (6)

Myoo
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The myg, My, and myqy are the sample weights at 40 °C, 410 °C, and 490 °C,
respectively. Mcqomy2 and My, are the molecular masses of portlandite (%CH) and water
(%wy,,), respectively. To compare the results, the %CH rate and %w,, were normalized to 100

g of anhydrous material.
2.2.2 Numerical Approach for Heat of Hydration Analysis

This section introduces a novel method for analyzing temperature data in the time
domain from the heat of hydration tests, with the goal of identifying transition times between
cement hydration modes. The method begins with the use of an Artificial Neural Network
(ANN) model creation to process the heat of hydration test data and convert it into a continu-
ous temperature model in the time domain.

Specifically, a Multilayer Perceptron Regressor (MLP) was employed to trans-
form the experimental data (temperature readings vs. time) into a time series regression. This
technique was employed to reduce the fluctuations in the thermal readings, both attributed to
eventual inaccuracies of the testing method or insufficient reading precisions.

Subsequently, a numerical analysis of this time series model was performed to
identify hydration modes based on the local maxima and minima values, allowing for the

classification and differentiation of the modes. These steps are summarized in Figure 4.

Figure 4 - Numerical for hydration process classification proposed model
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2.2.2.1 Artificial Neural Network Modeling

Assessing the literature on machine learning and civil engineering is often the use
of ANN models for data-driven problems on diverse applications (Al-Swaidani et al., 2022;
Di Benedetto et al., 2021; Shah; Pandit; Gaur, 2022), whereas diverse models have been de-
veloped over the years with varying characteristics.

An MLP is a class of ANN, that can be applied for both classification and regres-
sion problems, being a classical type of ANN, very flexible and can be used to map inputs to
outputs among several other applications. In the field of study of machine learning, it is clas-
sified as supervised learning, using a backpropagation technique for training (cf., Figure 5).

The findings in the literature highlight good results in long short-term memory
(LSTM) applications showing the MLP versatility in a multitude case of scenarios, for differ-
ent applications (Abirami; Chitra, 2020; Davies, 2005; Gupta; Sinha, 2000; Menzies et al.,
2015). Figure 5 presents the illustration of the ANN model adopted and the illustration of the
lower neuronal structure, highlighting the information feed-forward and error back-propaga-

tion flux, bias adjustment, network and all related aspects.

Figure 5 - Schematic of the ANN architecture adopted (a) and

the neuronal structure (b)

Hidden Layer
wi (i, ])

Input Layer

Input . :
Weights ™

Time X £ ‘ Wi “~\
H < AN 3 ~ ‘\‘
thire) N N\ / “ \
‘ N N \\ Heat
| N/ \/ Predicted
/ (mWig)
o) \

Heat
(mW/g)/ )
f /
v
/
Time Series : .
fit) | Activation _
' Functions (0)] Solver LBFGS
< Back-propagation of error |
[ Fesdfonward of information D

V

(b)
Xi1 —4 : )7 Bias -
_ Activation
,\bk Function
5, X2 \J vk Wit
n \‘n,
3 o T
[~
- o (m) Sum Function
(o] sum(wi)

Source: Author (2023).



35

The adopted MLP architecture consists of three main components or nodes orga-
nized in the (i) input layer, (i1) hidden layers, and (ii1) output layer. Excepting the input layer,
all the other concepts apply non-linear activation functions, and the hidden layer size (number
of hidden layers) can be best determined by hyperparametric optimization (Abirami; Chitra,
2020). The details of the inputs and internal weights are optimized depending on the problem
addressed, the experimental dataset and the solver adopted.

As seen in Figure 5b, the neuronal structure is also composed of three elements, (i)
the ‘synapses’ or connecting links, that are associated with the individual weights, (ii) the
processing unit that handles the input signals weighted (summing junction) by the synaptic
weight and adjusts them by adding a bias value (by,), (iii) an activation function (¢) that limits
the signal amplitude at the neuron’s output (Hallinan, 2013; Yang; Yang, 2014).

Figure 5a demonstrates a neuronal structure applied to a hidden and output layer.
The input layer differs from by the absence of the activation function and the single input,

connected to the input data. The neuron k is described mathematically by Equations 7 and 8.

m

uk=2xj><ij (7)
j=1

Vi = Ug + bk (8)

The uy, is the linear combiner of the input signal and vy is the weighted sum of
the input values adjusted by the bj.. The activation function is a set of mathematical equations
that define the output signal of the neuron k. These are divided into four distinct groups (Ra-
jaoarisoa, 2020), as described in the following Equations.

Equation 9 represents the threshold function, which is equivalent to a Heaviside
function. Equation 10 is an identity function (linear function). Equation 11 describes a logistic
sigmoid function (having a sigmoidal nonlinearity as a slope parameter). Equation 12 is a

hyperbolic tangent function, a variation of nonlinearity.

1lifv>0
p() =4 0ifv=0 9)
—1lifv<O0
pw)=1 (10)
o(v) = log f(v) = ——— an
1+ eav
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@ (v) = tanh(v) = % (12)

The sum of the weighted and bias-corrected inputs passes through the activation

function ¢ to obtain the final output signal (y,), as shown in Equation 13.

m

Ve =@ ijxwkj+bk (13)
j=1

The implementation of the ANN model is summarized in three steps, (i) architec-
ture definition, including the specification of layers’ size, activation function and related pa-
rameters (ii) the training procedure or models’ fitting, to adjust the neuronal weights to the
expected outputs, and (iii) the testing and validation, by evaluating the comparison of pre-
dicted with the real data. Additionally, the solver (algorithm of weights optimization) has a
crucial role in this wide scenario.

The LBFGS (Limited-Memory Broyden—Fletcher—Goldfarb—Shanno) is a widely
used solver algorithm in machine learning applications, using a quasi-Newton method (Ali,
2021; Borhani, 2020; Erway; Marcia, 2017). The original LBFGS method uses an estimate of
the inverse Hessian matrix, but in that case, in the most recent application, it stores only some
chosen vectors to be able to represent the model with a required approximation, which implies

a lower computing demand and reduced processing time.
2.2.2.2 Evaluation Metrics

To evaluate the models’ performance several metrics can be adopted. Correlation
coefficient (R?), root mean square error (RMSE), and mean absolute error (MAE) are reported
as the most common metrics for regression problems (Dung; Anh, 2019; Naser; Thai; Thai,
2021; Nguyen et al., 2020). The aim is to achieve a model that best fits the training data by
evaluating the combined metrics. All these metrics are indicators used to evaluate the models’
efficiency. These indicators are described in Equations 14 to 16, respectively.

Y i = 9)? (14)
Y i — )2

n
h
RMSE = Ex}}ﬁ—%ﬁ (15)
i=1

R?=1-
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n ~
MAE=Z|yi_y| (16)
=

2.2.2.3 Hydration Modes ldentification and Data Processing

Finally, after the ANN definition and the validation procedure, the heat of hydra-

tion temperature model in the time domain was submitted to a numerical analysis. This ap-

proach aims to find local maxima and minima through a continuous seek function in the time

domain. This conceptual framework was built to describe and visualize the divergences in the

hydration modes from different cement formulations (Chen et al., 2019; Dabi¢; Krstulovic¢;

Rusi¢, 2000; Hong et al., 2020; Lin et al., 2020; Xu et al., 2022; Zhao et al., 2022). Further-

more, the entire data processing procedure is summarized as follows:

Data Collecting: the experimental data is composed of the temperature measures in the
time domain from the cements’ heat of hydration tests. Four datasets were obtained from
CEM I, CEM 111, CEM I + GP and CEM III + GP;

ANN Model Definition: conceptualization of the ANN model, testing and
hyperparameters optimizing, such as MLP hidden layers size, activation functions, and
optimization algorithm (Al-Swaidani et al., 2022; Borhani, 2020; Nas[t; Thai; Thai,
2021; Shah; Pandit; Gaur, 2022) to generate models with high accuracy, on different
metric parameters (R2, RMSE, MAE) to proceed with the data classification (Dung; Anh,
2019; Nas[r; Thai; Thai, 2021);

Hydration Mode’s Identification: based on the generated model, the numerical approach
is proceeded, with a local maxima and minima analysis to identify the hydration transition

zones and, thus, the transition modes of cement hydration with time (Zhao et al., 2022).

As a result, the hydration modes are identified in the time domain, represented

through a staircase levels plot, according to literature recommendations (Chen et al., 2019;

Xu et al., 2022; Zhao et al., 2022). In addition to the formulations and chemical compositions

of the cements, it is discussed the variations in hydration modes, which are directly altered by

the addition of GP, which affect the hydration performance and resulting products.
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2.3 Results and Discussion
2.3.1 Life Cycle Analysis (LCA)

Table 4, Table 5 and Table 6 present the LCI obtained after interpolations and con-
siderations reported in the literature (Chen et al., 2010; Crossin, 2015; Guignone et al., 2022;
Huntzinger; Eatmon, 2009; Sanchez et al., 2021; Valderrama et al., 2012; Zulkarnain et al.,
2021).

Table 4 - Raw materials consumption inventory input calculations
CEMI CEMIII

Raw Materials Units (Clinker) (GGBFS) CEMI+GP CEMIII+GP
Limestone kg/kg product 1.1737 0.4049 0.5868 0.2025
Clay kg/kg product 0.3307 0.1141 0.1653 0.0570
Sand kg/kg product 0.0503 0.0174 0.0252 0.0087
Iron ore kg/kg product 0.0203 0.0070 0.0102 0.0035
Water m3/kg product 0.0668 0.0230 0.0334 0.0115
GGBFS kg/kg product - 1.0316 - 0.5158
Raw glass kg/kg product - - 0.6480 0.6480

Source: Author (2023).

The units given are in kg of raw material by kg of produced binder (kg/kg prod-
uct). For raw materials in volume, such as water, units given are in m3 of raw material by kg
of produced binder (m3kg product). GGBFS is highlighted by the literature with a potential
emission reduction of 78.84% in the production of CEM III (Bordy et al., 2017). Regarding
GP and its manufacturing process, Table 4 is not on an industrial scale (Jensen, 1995).

The results show a significant reduction in mineral resource consumption which
was replaced by a pronounced incorporation of wastes (GGBFS and GP). This also implies a

reduction of landfills, a lower mineral resources extraction impact and environmental aspects.

Table 5 - Energy consumption inventory input and calculations
CEM1 CEM III

Energy Units (Clinker) (GGBFS) CEMI+GP CEMII + GP
Electricity (kWh)  kWh/kg product 0.0687 0.0687 0.0403 0.0403
Petroleum coke kg/kg product 0.0463 0.0463 0.0231 0.0231
Hard coal kg/kg product 0.0559 0.0559 0.0280 0.0280
Diesel kg/kg product  3.04 x 107 3.04x 107  1.52x 1077 1.52 x 1077
Fuel oil kg/kg product 0.0117 0.0117 0.0058 0.0058
Natural Gas (MJ) MIJ/kg product 0.2777 0.2777 0.8768 0.8768
Light distribution kg/kg product 0.0043 0.0043 0.0022 0.0022

Source: Author (2023).
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For energy input, it is either given in terms of kWh of energy by kg of produced
binder (kWh/kg product) or in kg of fuel source by kg of produced binder (kg/kg product)
when applied to the context. And for the last, all emissions are summarized as a function of

mass, as the mass of the emission by the mass of the resulting cement (kg/kg product).

Table 6 - General emissions inventory input and calculations
CEMI CEM I1I

Emissions Units (Clinker) (GGBFS) CEMI1 + GP CEM III + GP
CO, kg/kg product 0.0687 0.0687 0.0403 0.0403
NO« kg/kg product 0.0463 0.0463 0.0231 0.0231
SO, kg/kg product 0.0559 0.0559 0.0280 0.0280
H>O(g) kg/kg product  3.04x 1077 3.04 x 10”7 1.52 x 1077 1.52 x 1077
Particulates kg/kg product 0.0117 0.0117 0.0058 0.0058
Waste kg/kg product 0.2777 0.2777 0.8768 0.8768

Source: Author (2023).

Based on the LCI above, the LCA estimation can be presented as follows. Figure

6 shows the different raw materials consumption.

Figure 6 - Raw materials’ consumption
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Figure 7 presents the results for the relevant energy demands. Apart from the elec-
tricity produced by different renewable resources (hydroelectric, wind, and thermoelectric),

all other resources are derived from fossil origins.
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Figure 7 - Fuels and Energy consumption
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This parameter is a direct measure of the combustive materials used in the rotative
oven for manufacturing clinker, converted into thermal energy, achieving an average temper-
ature level of 1450 °C. Fossil fuels have the greatest impact on clinker production (petroleum
coke, hard coal, and fuel oil).

The proposed formulations with 50% cement replacement contribute to a direct
50% reduction in fuel consumption once the clinker manufacturing process is directly ad-
dressed. Regarding the increase in natural gas, the GP LCA presented results not from an
industrial scale, allowing an additional gap and possibly reducing further this consumption.

Figure 8 shows the GHG emission results for the formulations studied.

Figure 8 - GHG Emissions results
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The results show a significant reduction in the GHG emission for the GP formu-
lations. Regarding CO»> emissions, CEM III + GP presented the lowest impact due to the
78.83% reduction of the CEM III formulation by GGBFS and an additional 50% by GP. The
same profile is observed for hazardous gases. (i.e., nitrous oxide, NOx, and sulfur dioxide,
SO»). According to the literature, NOx is more detrimental to climate change with authors

indicating it could be 300 times more detrimental compared to CO».
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2.3.2 Experimental Results

Table 3 presents the findings of the flow tests of the assessed mortars. It was found
results from 12 up to 21 mm, indicating a good range of consistency. Moreover, an improve-
ment in workability is obtained of up to 41.6% and 23.5% for CEM I + GP and CEM III + GP
compared to mortars with CEM I and CEM 111, respectively. This result is attributed to the
influence of GP content in the fresh state.

The OPC replacement with the GP addition decreases the water demand for hy-
dration, i.e., by increasing the amount of free water and workability of the pastes (Boukhelf
et al.,2021). Figure 9 presents the evolution of the porosity, and the compressive and the ten-

sile strengths (from flexural tests) at several curing ages (3, 14, 28, and 90 days).

Figure 9 - Porosity, compressive, and tensile strengths for 3, 14, 28 and 90 days

Porosity (%)
CEMI 19.4 19.2 19.1 18.5
CEMIII 16.1 15.8 15.7 15.7
CEMI + GP 24.9 24.5 243 21.8
CEMIII+GP| 317 31.2 29.5 29.2
3d 14d 28d 90d
Compressive strength (MPa)
CEMI 12.1 28.3 43.6 46.5
CEMIII 8.7 19.2 25.7 SoN
CEMI + GP 10.1 16.5 27.4 S8
CEMIIl + GP 4.3 8.2 10.6 15.1
3d 14d 28d 90d
Tensile strength (MPa)

CEMI 5.6 5.6 7.2 7.9
CEMIII 52 5.1 6.8 7.1
CEMI + GP S5 3.6 3.9 6.5
CEMIIl + GP 1.5 1.2 2.8 3.1
3d 14d 28d 90d

Source: Author (2023).

The CEM III mortar presented lower water porosity compared to CEM 1. This is
explained by the slag content in CEM III, leading to improved pores structures and creating
other non-connected pores ranges (Cherif; Hamami; Ait-Mokhtar, 2020).

For 3 days of curing age, mortars containing GP presented high porosity compared
to those with CEM I and CEM III only. This phenomenon is due to the coarse aspect of GP,
changing the pore-size distribution (Bouchikhi et al., 2019; Boukhelf et al., 2021). A propor-
tional decrease in porosity is observed with increasing age for all formulations.

At 90 days of curing age, this decrease was 4.6%, 2.5%, 12.4%, and 7.9% for
CEM I, CEM III, CEM I + GP, and CEM III + GP respectively, compared to 3 days. This
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result was in agreement with the found of literature (Bouchikhi et al., 2019; Boukhelf et al.,
2021; Cook et al., 2021; Subasi; Yilmaz; Binici, 2009).

Concerning mechanical strength, there was an increase in all the results due to the
continuous hydration of the cement and GP over time (Golek et al., 2020). In addition, the
OPC replacement also led to a systematic loss of mechanical strength in the short-term anal-
ysis. This was attributed to the clinker dilution effect, which is the immediate consequence of
the replacement of a more reactive powder (cement) with a less reactive content (GP) in the
short term (Zidol; Tognonvi; Tagnit-Hamou, 2017).

Nevertheless, the mechanical strength does not cease increasing (Bouchikhi et al.,
2019; Boukhelf et al., 2021; Gotek, 2022). This phenomenon is due to continuous pozzolanic
reactions between portlandite (Ca(OH),) and silica derived from GP (Kolani et al., 2012), in
addition to the slag content in CEM 111, corroborated by the TG analysis.

After 90 days of curing age, the CEM I + GP presented a decrease of about 28%
in compressive strength and 17.7% in tensile strength compared to CEM 1. For CEM III + GP,
the decrease was about 57% and 56%, respectively, compared to CEM III. These results are
in agreement with those reported by the literature (Adesina; Das, 2020). Nevertheless, these
values of CEM I + GP remain adequate for use.

To investigate the GP pozzolanic reaction with portlandite (%CH), the TG was

conducted at 90 days. Figure 10 shows the results of mass loss in the temperature domain.

Figure 10 - TG and dTG analysis of the proposed formulations
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To ease the visualization, all the x-axis and y-axis were leveled. The mortar with
CEM III resulted in lower portlandite and calcite content compared to CEM I by comparing
the second and third drops in the respective dTG curves. This is attributed to the pozzolanic
reaction of the blast furnace slag content in the CEM III formulation. In the GP mortars anal-
ysis, these two drops were even reduced, showing lower content of both hydration products
justifying the strength reduction addressed previously (Boukhelf et al., 2021).

An increase in the first dTG drop was observed for the GP mortars, which is re-
lated to the water physically absorbed content of those materials. That behavior is in accord-
ance with the literature (Stepkowska et al., 2004; Vance et al., 2013) whereas that parameter
is directly influenced by the pores’ structures and their exposure to the environment.

The first segment under 200 °C is attributed to the loss of free water as well as the
dehydration of calcium silicate hydrate (CSH), ettringite, calcium monosulfo-aluminate,
hemicarboaluminate, or calcium monocarboaluminate (summarized as AFm). The second
peak around 400-500 °C is contributed to the dehydroxylation of portlandite (CH), while the
decarbonization of calcium carbonates takes place at 700-800 °C.

From dTG patterns, those material phases are difficult to dissociate, as the corre-
sponding bands are large, and the decomposition temperatures of these phases are narrow and
overlay in some cases. Based on TG findings, the normalized amounts of %w,, and %CH are

presented in Figure 11.

Figure 11 - %CH and %w,, of mortars studied
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Indeed, the %w, is indicative of the hydration product (CSH, AFm, and CH)
formed during cement hydration, while normalized CH can be interpreted as an indication of
changes in this direct product (CH consumption for the formation of additional CSH) as high-
lighted by the literature (Damidot et al., 2011). Figure 11 shows that for the mortars containing
low clinker content, the %w;,, rate is lower than for the standard mortar with CEM L.

The increase in %w,, in the proposed formulations (CEM I + GP and CEM III +
GP) is related to GP pozzolanic activity. Indeed, silica content reacts chemically with CH
producing additional CSH. Due to that phenomenon, the normalized CH for GP mortars is
lower than for the standard mortars (CEM I and CEM III). Furthermore, this behavior is in
accordance with the literature (Lavergne et al., 2018; Ni et al., 2021), where %w,, and CH

content for pure and siliceous blended pastes were addressed.
2.3.3 Data Processing/Numerical Results

Figure 12 shows the true vs. predicted plot of the generated ANN heat of hydration
model. Indeed, the models were able to capture the hydration evolution of the assessed mortars

having a good agreement with the experimental data.

Figure 12 - True vs. predicted plot and error metrics for (a)

CEM, (b) CEM I + GP, (c) CEM 111, and (d) CEM III + GP
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Assessing the error metrics, it was found a more pronounced variance in the MAE

and RMSE metrics. For the RMSE, the lowest results are obtained with the CEM III + GP

results with a 0.843 (R?), with the further metrics in the same sense. The hydration modes

identification of CEM I, CEM I + GP, CEM III, and CEM III + GP are shown in Figure 13a,

Figure 13b and Figure 14a, Figure 14b, respectively.

Figure 13 - Heat of hydration experimental, ANN model and modes
transitions identification for (a) CEM I and (b) CEM I + GP
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Source: Author (2023).

The proposed analysis identified in all cases four hydration modes, in agreement

with the literature (Guignone et al., 2022), which include (i) the initial reaction and slow re-

action period (Mode 1), (ii) the acceleration period (Mode 2), (iii) the deceleration (Mode 3),

and (iv) the stability or constant level (Mode 4).
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Comparing these two initial results, the CEM I mortar had an earlier acceleration
period than CEM I + GP, with a higher heat release. This mode corresponds to the induction
phenomenon interpreted by the geochemistry dissolution theory. It corresponds to the primary
mechanism controlling the kinetics up to the end of the induction period is the undersaturation
of this surface layer (Scrivener; Juilland; Monteiro, 2015).

In addition, the tri-calcium aluminate (C3A) content reacts promptly with water,
from an early age, to form calcium hydroaluminate (3Ca0O-AI203-Ca(OH)2-nH20 or hy-
droxy-AFm), as mentioned reported by the literature (Guignone et al., 2022).

Figure 14 - Heat of hydration experimental, ANN model and modes
transitions identification for (a) CEM III and (b) CEM III + GP
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Comparing Figure 13b and Figure 14a, it was visualized a similar behavior for CEM

I + GP and CEM III, assessing the thermal amplitude achieved in the second mode.
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Nevertheless, these peaks were found at 6.54 h and 6.06 h respectively. This time delay can
be explained by the slag content in the CEM III being more reactive than the GP.

In the second mode, the peak value decreases and shifts toward a longer hydration
time when the CEM III and GP are combined. This phenomenon can be attributed to the con-
sumption of C3S (Alite) which is consistent with the heat of hydration rate. It is known that
the hydration rate of C3S is higher than that of C2S (Belite) due to the higher solubility and
lower activation energy of C3S compared to C2S (Bentz, 1997).

Indeed, the solubility of C3S is between 5 and 8 times higher than C2S (Bentz,
1997). Therefore, it can be concluded that the second mode is strongly affected by the hydra-
tion of C3S being this stage is in agreement with the literature (Kishi; Maekawa, 1995).

At the end of the induction period, CSH and CH begin to have a fast development.
There is still considerable controversy about the trigger for this increase in reaction rate. In-
deed, in pastes, it seems possible to be the CH precipitation this trigger.

The third mode is most concerning the renewed dissolution of C3A with the for-
mation of ettringite (AFt). Due to this C3A reaction retardation with sulfate, the main reaction
of this phase should occur after the main peak, the alite reaction, in a sulfated Portland cement.

However, in CEM 1, the AFt formation is continuous after the sulfate exhaustion
in the solution (Bullard et al., 2011). In conclusion, the ANN model makes it possible to de-
termine when the initial hydration phase is completed, i.e., at 20.54 h, 45.04 h, 42.40 h, and

55.04 h respectively, evidencing the GP impact on the overall hydration behavior.
2.4 Final Comments

A novel ANN model approach is proposed to identify the different hydration
modes of the proposed cement formulation using only the heat of hydration experimental data
as an input parameter. This method was based on an MLP regressor, mapping the input signal
and generating a heat of hydration temperature model in the time domain. Afterward, a nu-
merical approach was proposed to identify hydration modes, addressing the transition zones.

Indeed, the ANN model detected four hydration modes in the experimental data
assessed. In addition, the proposed approach achieved good error metrics results, indicating
good heat of hydration models’ accuracy. In addition to the mechanical strength levels, the
50% OPC replacement by GP was significantly positive for the LCA results. Indeed, the GHG
emissions present the most significant results, by reducing up to 50% and 80% of the CO-,

NOx and SO; emissions for the CEM I + GP and CEM 111 + GP formulations.
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Additionally, it was revealed that GP can be employed as a partial replacement in
mortars, being beneficial for GHG emissions of cementitious materials. The present study
identified waste glass as a suitable SCM, accessible in large quantities, a local eco-material,
and a feasible addition for concrete applications, considering both economic and environmen-
tal aspects. Nevertheless, when the use of GP as an SCM, the strength decrease should be
accounted for by considering its influence on the dosage and mix designs.

To address this shortcoming, future research must focus on combining GP with
other recycling fibers and SCMs. Moreover, the proposed ANN model succeeded in the ce-
ment hydration analysis, easily identifying the different modes of proposed cement formula-

tion by assessing the heat of hydration as an input parameter.
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3 COMPLEX MODULUS CHARACTERIZATION OF AN OPTIMIZED BINDER
WITH SCMs: PROPOSITION OF AN ENHANCED CEMENT FORMULATION
TO IMPROVE STIFFNESS BEHAVIOR AND DURABILITY OF MORTARS AND
CONCRETES

The main content of this chapter is also available online
at TARGINO; HOLANDA; MARTINEZ; FREITAS;
BOUKHELF; EL MENDILI, (2023), published in the
Journal of Building Pathology and Rehabilitation.

ABSTRACT

Materials optimization is an aspect of continuous endeavor for civil engineering in many
applications, especially in construction where the materials’ durability and mechanical
performance are crucial for structural integrity. Structures such as aerogenerators, both towers
and foundations, are highly exposed to cyclic loads with a broad range of frequencies and
levels. The improvement of the stiffness behavior can significantly enhance their fatigue
resistance and consequently durability. This paper aims to evaluate the impact of a high-
performance binder optimization, using supplementary cementitious materials (SCMs) to
improve the mechanical behavior of mortars and concretes, by improving stiffness response
under cyclic loadings, which is related to durability and fatigue life-service. Static tests (axial
compressive and splitting tensile strengths) were conducted as well as cyclic stiffness tests
that were proposed as a new methodology for these kinds of materials, which may better relate
the mechanical behavior in field applications. The proposition consists of the evaluation of
complex modulus, under sinusoidal loading in the frequency domain, either in pure
compression and pure tension, adopting low (0.1-1 Hz) and mid-range (1-25 Hz) loading
frequencies, comparing a proposed strain-enhanced cement formulation with ordinary
Portland cement (OPC). The results show that the proposed formulation resulted in a superior
material with up to 23% stiffer loading response and 13.8% more energy storage, with also
inferences on improved durability, which is expected to delay pathological manifestations and
extend fatigue life. The proposed testing protocol obtained results compatible with the

literature and seems applicable for evaluating the dynamic behavior of cementitious materials.

Keywords: dynamic behavior; complex modulus; supplementary cementitious materials; or-

dinary portland cement; fatigue.
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3.1 Introduction

The extension of the service life and the durability of cementitious materials is a
continuous endeavor in materials science and civil construction. For this, the incorporation of
supplementary cementitious materials (SCMs) has become increasingly popular in recent
years due to their environmental appeal, with the potential to reduce greenhouse gas emissions
(GHGe), and also due to their ability to improve the properties of cementitious composites.

These include alterations in the mechanical behavior (compressive and splitting
tensile strengths, elasticity modulus, and Poisson's ratio), materials microstructure (pore sizes
distribution, hydration products and interfacial transition zone), fresh state properties (work-
ability, setting-time, and bleeding) as well as improve durability, reduce pathological mani-
festation and even enhance fatigue life-service (Baikerikar; Mudalgi; Ram, 2023; Boukhelf et
al., 2023; Candido et al., 2022; Fattouh; Elsayed, 2023; Hamad et al., 2021; Keerio et al.,
2022; Li et al., 2019).

Over time, the incidence of repeated loads can result in cracks and mechanical
degradation, leading to a gradual loss of supporting capacity and increasing the energy dissi-
pation within cyclic loads (Jia et al., 2021; Yang et al., 2023). In addition, the measurement
of strain can be used to assess the cracking and damage (degradation status) of cementitious
materials under different loading conditions. Fatigue testing and structural modeling design
require a thorough understanding of the frequency-dependent behavior of materials to accu-
rately predict their long-term performance (Jia et al., 2021; Kuo; Zhuang, 2021; Medeiros et
al., 2015; Myrtja et al., 2021; Saucedo et al., 2013; Yang et al., 2023).

In the renewable energy sector, the optimization of the structural materials used
in the aerogenerators’ towers and foundations (mostly concrete and grouts, which is a kind of
mortar with improved fluidity and performance) is a strategic aspect to enhance efficiency in
power generation (BoSnjakovi¢ et al., 2022; Chen et al., 2022; Kuo; Zhuang, 2021).

Such structures are crucial to ensuring the structural stability of the entire genera-
tion system, by resisting cyclic loads in different stress levels, temperatures and loading fre-
quencies. Those structures must be able to resist a wide range of loading profiles, derived from
high speeds winds, operational vibrations, seismic activity, alterations in the loading regimes
(from compression to tension) and frequencies, their own structure weight and the mechanical
system as well, sustaining the nacelle, rotors and blades (BoSnjakovi¢ et al., 2022; Jia et al.,

2021; Kuo; Zhuang, 2021; Yang et al., 2023).
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Studies have shown that the improvement of the modulus of cementitious materi-
als used in aerogenerator towers and foundations can lead to improvements in durability (Chu
et al., 2023a; Kuo; Zhuang, 2021; Liang et al., 2022b; Liu et al., 2023a).

Kuo and Zhuang also presented evaluations on high-performance concrete for aer-
ogenerator foundations. It was found that a higher modulus of elasticity, compared to the usual
values for normal-strength concrete, was more suitable for that application having an im-
proved resistance to the mechanical and environmental incident loads from the aerogenerators'
usual operation (Kuo; Zhuang, 2021). These findings emphasize the importance of enhancing
mechanical behavior for those applications, especially concerning aerogenerators or other ap-
plications subjected to cyclic loading.

The complex modulus, which is a measurement of material stiffness for viscoe-
lastic materials (and corresponds to the modulus of elasticity in perfect linear elasticity), is a
crucial parameter to be accounted for, due to its ability to broader evaluate mechanical behav-
ior (Brinson; Brinson, 2008; Liang et al., 2022b). It contains information on classical global
stiffness and on the levels of dissipated energy during mechanical loading. Classical stiffness
is evaluated from the absolute value of the complex modulus (|E*|), also known in the litera-
ture as “dynamic modulus”, even if inertial effects are not present during tests.

Meanwhile, the proportion of dissipated and stored mechanical energy, during a
load cycle, can be evaluated from measurements such as the phase angle (¢) of the complex
modulus, the storage modulus (real part of the complex modulus) and the loss modulus (the
imaginary part of the complex modulus) (Brinson; Brinson, 2008).

Complex modulus is also related to aspects of fatigue resistance, providing in-
sights into aspects of pathological mechanisms and materials' durability (Kachkouch et al.,
2022). A deeper understanding of the complex modulus and the fatigue behavior is necessary
to develop more durable and sustainable structures, with more fatigue-resistant materials.

With respect to SCMs, silica fume (SF) and glass powder (GP) are considered by
literature as two effective materials with the ability to improve several properties of cementi-
tious materials. Their applications involve the addition or replacement of the cement content,
also named ordinary Portland cement (OPC), with a significant focus on performance optimi-
zation and the sustainable incorporation of waste materials (Boukhelf et al., 2021; Fattouh;
Elsayed, 2023; Singh; Mehta; Kumar, 2023).

The SF addition can improve the compressive strength, elastic modulus and result
in improved durability (Fattouh; Elsayed, 2023; Fu et al., 2021; Hamad et al., 2021; Jahandari
et al., 2021; Kachkouch et al., 2022; Keerio et al., 2022; Singh; Mehta; Kumar, 2023),



52

especially in harsh environments, reducing pores structures (Fattouh; Elsayed, 2023; Singh;
Mehta; Kumar, 2023; Tripathi et al., 2020), improving durability in sulfate-rich and acid en-
vironments (Singh; Mehta; Kumar, 2023; Tripathi et al., 2020), and reducing microstructure
permeability (Liu et al., 2023a; Singh; Mehta; Kumar, 2023; Tripathi et al., 2020). The SF
incorporation in OPC for concrete and mortars has shown consistent results in enhancing per-
formance and durability.

The GP addition has also shown high potential for improving similar properties
(Baikerikar; Mudalgi; Ram, 2023; Bharathi; Adari; Pallepamula, 2022; Boukhelf et al., 2021,
2023; Fattouh; Elsayed, 2023; Jain; Sancheti; Gupta, 2020). It can enhance the compressive
and flexural strength of concretes and reduce their permeability (Baikerikar; Mudalgi; Ram,
2023; Boukhelf et al., 2021) improve the workability and water retention (Fattouh; Elsayed,
2023) and increase the flexural and compressive strength at early ages (Boukhelf et al., 2023;
Keerio et al., 2022; Schwarz; Cam; Neithalath, 2008). Moreover, GP has been found to be an
effective SCM for enhancing the mechanical and fresh-state properties of cementitious mate-
rials, due to its inherent long-term effects (Boukhelf er al., 2021, 2023; Kachkouch et al.,
2022; Schwarz; Cam; Neithalath, 2008).

Literature reports a wide range of optimizations for cementitious materials de-
pending on the application. The increase in elastic modulus has been demonstrated as a valid
approach resulting in improved durability, by reducing cracking and increasing stiffness (Chu
et al., 2022b; Liang et al., 2022b). This is an important property of those materials that affect
the strain response under different loading conditions, in which case its study is crucial for
understanding the pathological manifestations mechanisms and fatigue life.

This paper aims to evaluate the influence of a cement optimization, achieved
through the incorporation of SCMs, on the dynamic stiffness behavior of cementitious mate-
rials (concretes and mortars), which will be assessed by analyzing the complex modulus. To
achieve this, the optimization adopted an approach with the addition of silica fume and glass
powder, aiming to enhance stiffness, improve durability and delay pathological manifestations
(modulus degradation and cracks). The binders were tested both in concrete and mortar using
the same mix design derived from an in-site aerogenerator foundation. As a reference binder,
a conventional OPC formulation was used (CEM I). The optimization involved the addition
of GP and SF as a replacement for OPC. The experimental program comprised static tests,
such as compressive strength and splitting tensile strengths, in addition to dynamic character-
ization, with complex modulus tests, under low (0.1-1 Hz) and mid-range (1-25 Hz) loading

frequencies, in pure compression and pure tension.
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By analyzing the mechanical behavior, this paper aims to provide better insights
into the complex modulus properties with respect to cementitious materials’ mechanical be-
havior. Ultimately, this research could lead to the development of more sustainable, efficient,
and durable structures as it focuses on the mechanical behavior related to fatigue, which is a
mechanism for pathological manifestations in structures subjected to cyclic or dynamic loads
(De Domenico; Bernardo, 2022; Jahandari et al., 2021; Sanahuja; Dormieux; Chanvillard,

2007).

3.2 Methodological Procedure - Part Ii

The experimental program consists of three main stages: (i) the specimens’ fabri-
cation for characterization testing; (ii) the assembly and adjustment of the dynamic press set-
ting for the splitting tensile testing and complex modulus analysis (CMA); and (iii) the testing
procedures itself, comprising uniaxial compressive strength and splitting tensile strength, and
CMAA tests at different loading frequencies. All tests were conducted in a controlled tempera-
ture environment of 19 °C + 0.50 temperature, with a minimum of 4 h allocated prior to the
tests start to ensure temperature stabilization and heat flow equalization (Jiao et al., 2014;

Shoukry et al., 2011).

3.2.1 Materials

The specimens were cast using two different cement formulations. The first was
a commercial formulation of OPC to serve as a reference. The choice in this case was to adopt
CEM I as the OPC, as it does not contain any SCMs in its manufacturing process, only the
residual gypsum to control setting time. This avoided any undesired interaction within SCMs
in the OPC manufacturing content.

The second cement formulation, the one proposed by this current methodology,
was designed based on the best literature recommendations for optimizing durability, micro-
structure, fatigue life and modulus of elasticity (Boukhelf et al., 2021, 2023; Kachkouch et
al., 2022). Table 7 provides the detailed cement formulations for the binders utilized in this

study.
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Table 7 - Proposed Binders Formulations

Binder Component M1 (Reference) M2 (Optimized)
Cement CEM I (%) 100 65
Glass Powder (GP) (%) - 30
Silica Fume (SF) (%) - 5
Clinker Ratio (%) (%) 95 62

Source: Author (2023).

The incorporation of GP and SF has usually a positive effect on the microstructure
of cementitious materials, with the enhancement of those mechanical properties (Bharathi;
Adari; Pallepamula, 2022; Boukhelf er al., 2021, 2023; Fattouh; Elsayed, 2023; Kachkouch
et al., 2022; Shanmugasundaram; Praveenkumar, 2022). The proposed optimized formulation
also had a low-carbon design, with a 33.25% clinker consumption reduction, which is also
significant for sustainability aspects (Baikerikar; Mudalgi; Ram, 2023; Boukhelf et al., 2023).

The cement CEM I 52.5N employed complied with the European standard EN
197-1 (CEN, 2012a). The GP was obtained from demolition glass waste, of a waste disposal
plant in Caen, France. The crushing and sieving process was repeated until achieving a diam-
eter lower than 63 um. The SF used complies with EN 13263-1 (CEN, 2005). It has a spherical
aspect with an absolute density of 2.24 g.cm™ and a specific surface area of 225 m?/g with
high purity (Si content higher than 95%). The normative requirements and related parameters

are presented in Table 8.

Table 8 - Silica Fume Characterization according to EN 13263

Characteristics Normative Requirements Observed Values
SiO; Content (%) >85 % 96% + 2
Elemental Si Content (%) <04 % 0.14% =+ 0.05
NaxOeq. Content (%) <1.0 % 0.50% £ 0.1
SOs Content (%) <2.0% 0.27% £ 0.50
Activity index at 28 days (%) <04 % >101%
Loss on Ignition (%) >4.0 % 2% + 0.5

Source: Author (2023).

The SF used in this study meets all EN 13263-1 and 2 (CEN, 2005) requirements.
With 96% + 2 of SiO; and 0.14% + 0.05 of Si elemental, it is classified as highly pure and

recommended for applications in cementitious materials. Na>O eq. content of 0.50% £ 0.1 and
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SOs3 content of 0.27% + 0.50 are considered in an acceptable range, signifying the absence of
harmful impurities to the performance.

The activity index at 28 days was higher than 101%, indicating high pozzolanic
activity. Additionally, it was observed loss on ignition of 2% =+ (.5 indicating its good thermal
stability. The fillers’ density was determined using a helium pycnometer and the particle size
distribution (PSD) was assessed by the wet process of EN 993-1 (CEN, 2018). The specific
surface area was determined using the Brunauer-Emmett-Teller method (BET), based on the

EN ISO 18757 (CEN ISO, 2003). These results are presented in Table 9.

Table 9 - Characterization of The Raw Powder Materials

Characteristics Cem 1 (OPC) Glass Powder (GP) Silica Fume

(SF)
Max Diameter (um) 60 50 36
Specific Gravity (kg/m3) 3170 2710 2180
BET Surface Area (m?/kg) 6430 5650 22070

Source: Author (2023).

Comparing these results to the literature, the specific gravity values of the OPC
and GP were within the usual range reported, with suitability for use as raw materials. How-
ever, the high BET surface area of SF was significantly higher and exceeded the conventional
values, suggesting that the SF used is highly reactive and with a high level of fineness, which
is beneficial to improving mechanical behavior and durability.

The importance of the fineness of cement and its constituents cannot be over-
stated, as it directly affects the microstructure and mechanical properties of the resulting con-
crete. Finer materials tend to improve the final density and porosity and usually have enhanced
pozzolanic activity and pore-filling capability.

Therefore, it is crucial to consider not only the maximum diameter but also the
entire particle size distribution (PSD) when selecting raw materials. The complete PSD
curves, presented in Figure 15 provide a more comprehensive view that can aid in optimizing

the mix design for improved performance.



Figure 15 - PSDs of the Cement, Glass Powder and Silica Fume
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The results demonstrate a continuous distribution of the OPC, falling between

those of the GP and SF. This observation suggests that the addition of GP may not have a

significant effect on the porosity of the product, except for the influence of hydration reac-

tions. In contrast, the addition of SF may lead to improvements in microstructure.

These findings may provide initial evidence of the potential benefits of SF incor-

poration. Further investigations are needed to fully understand the mechanisms behind these

observations and to optimize these incorporations (Fattouh; Elsayed, 2023; Shanmu-

gasundaram; Praveenkumar, 2022). Figure 16 presents the current methodology through the

experimental procedure abstract.

Figure 16- Experimental Procedure Graphical Abstract
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After the characterization of the raw materials, the concrete and grout specimens
were cast and left to cure for 24 hours before being demolded. Then, they were placed in a
humid chamber with a temperature of 22 °C and relative humidity of 50%, which is a common
practice in the industry to simulate real-world conditions and avoid leaching of the material
during curing (Jiao et al., 2014; Shoukry et al., 2011).

It is noteworthy that despite the differences in binders used in the specimens, both
formulations maintained the same mix design and mixture procedures. This approach allowed
for a more direct comparison of the effects of each binder on the mechanical properties of the
specimens. The water/binder ratio (W/B) was kept constant at 0.45, with a binder consumption

of 350 kg/m3. These details are summarized in Table 10.

Table 10 - Formulation Mix Design with Materials Consumption
Specific Gravity  Concrete Concrete M2 Mortar M1 Mortar M2

Component (kg/md)  MI(kghnd)  (kghn)  (kg/nd)  (kg/md)
Cement CEM I 3170 350 248.4 350 248.4
Glass Powder (GP) 2180 - 74.5 - 74.5
Silica Fume (SF) 2710 - 12.4 - 12.4
Clinker Ratio (%) - 95 67 95 67
W/B Ratio - 0.45 0.45 0.45 0.45
Water 1000 157.5 150.9 157.5 150.9
Sand (00/ 3.15) 2490 639 369 639 639
Gravel (3.15/12.5) 2310 1070 1070 - -
Specimen Size (mm) - 110 x 220 110 x 220 39 x 88 39 x 88

Source: Author (2023).

By keeping the same mix design, the study sought to isolate the effects of the
cement formulations on the composite properties. In terms of geometry, two sizes of speci-
mens were cast for this experimental program.

The first one was a (i) regular cylindrical size of 11 cm x 22 c¢m, used in regular
compressive strength tests. The second one was a (ii) smaller cylindrical version, with 39 mm
x 88 mm, required to obtain a specimen with a lower rupture loading, under 25 kN, due to the
maximum loading limitations of the dynamic press. The regular-size specimens were meant
for the compressive strength tests, while the smaller ones were used for the tensile strength
and dynamic characterization tests.

For the last, to ensure that the cement formulations’ mechanical properties were
properly characterized, using the smaller specimens (39 x 88 mm), it was necessary to main-

tain the elementary representative volume (ERV). For this, it was excluded the coarse
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aggregates from the mix design formulation, whereas its incorporation could result in size
effects, overwhelming the mechanical behavior prior to the cementitious matrix influence.
Therefore, a minimum proportion of 1:10 between the maximum diameter of the
fine aggregate and the diameter of the specimen was maintained, according to standard rec-
ommendations for size effects reduction, according to ASTM C192 (ASTM INTERNA-
TIONAL, 2015). By adopting this approach, an ERV was achieved, and the smaller specimens
could be used to evaluate the tensile strength and the complex modulus, under pure tension
and compression loading conditions, with a high level of accuracy, highlighting the direct

influence of the cements’ formulations.

3.2.2 Static and Dynamic Press Sets

The experimental program comprised tests in two different laboratories. At first,
it was conducted the static testing using a three-column compression testing machine, with a
maximum load of 4000 kN, equipped with a digital control system, a load cell with + 0.5%
precision, an axial extensometer with + 0.01 mm accuracy and a displacement rate of 0.01-
100 mm/min. This testing set was meant for conducting compressive strength tests on the

concrete specimens. Figure 17 shows the testing apparatus in the French laboratory.

Figure 17 - Three-Column Testing Machine (a), Digital Control System (b)
(b)
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Source: Author (2023).

Secondly, it was used a Universal Testing Machine dynamic press (UTM-25), a

servo-hydraulic equipped with a high-speed data acquisition system and real-time digital
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control system, capable of measuring mechanical properties precisely under cyclic loading,
with a maximum load capacity of 25 kN and displacement resolution of 0.1 um.

This machine allowed for the accurate measurement of complex modulus and
phase angle using a dynamic modulus analysis (DMA) testing routine, with the capability of
applying sinusoidal loads up to a frequency of 100 Hz, facilitating the characterization of the
viscoelastic behavior of cementitious materials, recording real-time data from stress and strain
measures. This second testing set was meant for tensile strength tests and complex modulus

assessment. Figure 18 presents the UTM-25 with the test apparatus in the Brazilian laboratory.

Figure 18 - Dynamic Press (a), testing set for Tensions and Compres-

sion (b) and LVDTs Assembly in detail (c)
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Source: Author (2023).

Concerning the connection between endplates and specimens, Figure 18c, both for
compression and tension tests it was used a bicomponent epoxy structural adhesive to connect
the upper and bottom endplates to the specimen surface. It was ensured to maintain a fine
layer, by having a minimum applied load of 0.1 kN with the fresh glue positioned.

The positioning of the three Linear Variable Differential Transformers (LVDT)
used to measure displacement was also modified. The first reading was taken at the bottom
endplate to measure minor deformation throughout the tests, and the other two were in contact
with the upper plate, to get their average position. The specimen deformation could then be
assessed using Equation 17 and Equation 18, allowing for precise measurements of the spec-

imens’ strain response.

P, (£)+P5(t)
=P (t) + — (17)

- InitialSpecimenHeight

SpecimenStrain(t) =1

P(t) = CurrentPosition(t) — InitialPosition (18)
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The P;(t) variable represents the real-time position function of each LVDT rec-
orded over the testing time, while the ‘Initial Position’ refers to the LVDTs’ positions with a
null load applied. The testing set was adapted to make possible the mechanical characteriza-
tion through dynamic tests in the reduced specimens.

The precise deformation measurement was possible due to those modifications on
the LVDTSs’ position and its position-capturing process as well. This new assembly has the
potential to expand the testing possibilities being an innovative technique reducing the speci-

mens' rupture loading, making feasible the use of smaller specimens and maintaining the ERV.
3.2.3 Complex Modulus Analysis (CMA): Concepts and Test Requirements

Cementitious materials can be considered complex viscoelastic materials whose
mechanical properties are dependent on the complex modulus (Brinson; Brinson, 2008),
which is a fundamental attribute to characterize responses to stress and deformation. The ac-
curate determination of this parameter is critical for understanding the mechanical behavior
and ensuring durability in practical applications (Brinson; Brinson, 2008; Evangelista Junior;
Macedo; Farias, 2019).

Concrete and mortars have the ability to partially store and partially dissipate me-
chanical energy under cyclic loadings whereas the increase in this energy dissipation is a pos-
sible indicator of the degradation of the material (Kachkouch et al., 2022; Lee; Barr, 2004;
Myrtja et al., 2021; Saucedo et al., 2013).

The phase angle, between other properties, is a direct measure of energy dissipa-
tion (Brinson; Brinson, 2008). Figure 19 demonstrates the modeling of a sinusoidal loading
test and its corresponding strain response. By utilizing these modeling techniques, researchers
can gain a better understanding of the viscoelastic behavior of concrete and optimize its me-

chanical properties for several applications, enhancing durability and performance.
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Figure 19 - Complex Modulus Schematic (a) and Modeling in Time-Domain (b)
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Source: Author (2023).

Figure 19a shows the stress applied to a specimen at a defined frequency (f) high-
lighted in blue, followed by its corresponding reading signal in Figure 19b (stress vs. time).
Similarly, the red illustration portrays the strain response, specifically the axial strain, along
with its respective readings (strain vs. time).

Equation 19 and Equation 20 describe the numerical function of the stress and
strain signal, the time domain. Equation 21 presents the fundamental concept of the absolute
value of complex modulus (|E*|) and phase angle (¢), while Equation 22 provides the specific

definitions for its components (the storage modulus and the loss modulus).

a(t) = ggsinwt (19)
e(t) = gosin (wt — @) (20)
oy
E*= E—O[cosq) + i.sengp] = E' +iE"; |E*| = JE'? + E''? (21
0
E' = |E*|.cosp; E'" = |E*|.sen¢g (22)
Whereas:
o(t) = stress function along the time; £(t) = strain function along the time;
0 = stress amplitude, sinusoidal shape; & = strain amplitude, similarly;
@ = phase angle, the signals’ delay; w = angular velocity, with w = 2. 1. f

f =loading frequency of the test, also named strain rate;
|E*| = absolute value of complex modulus;
E’ = real part of complex modulus (storage modulus);

E"" = imaginary part (loss modulus).

The ¢ represents the angular lag between the stress and strain signals and is a

fundamental characteristic of viscoelastic materials, which is closely related to the concept of
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complex modulus. In the frequency domain, the complex modulus describes the behavior of
the elastic modulus with respect to the strain and stress signals.

Equation 21 defines the relationship between the |E*|, and their elastic and viscous
component, the storage (E') and loss modulus (E") respectively. These equations have been
extensively utilized in literature to model viscoelastic behavior. The |E*|, also named dynamic
modulus, is a measure of the material stiffness under dynamic loads. It is calculated from the
real and imaginary parts of the complex modulus.

The real part, E’, represents the material's ability to store energy elastically. The
imaginary part, E”', corresponds to the material’s characteristic to dissipate energy. It is im-
portant to note that despite being called the dynamic modulus, there are no inertial effects
involved (Brinson; Brinson, 2008; Kuo; Zhuang, 2021; Saucedo et al., 2013).

Concerning the specifics of the CMA tests, the smaller specimens (39 mm x 88
mm) were fabricated to meet the reduced cylindrical geometry required to fit the maximum
loading limitations of the servo-hydraulic universal testing machine (UTM-25), with a loading
capability of 25 kN maximum.

For the experimental control, it was used of a dynamic mechanical analyzer con-
troller (DMA) to record the load cell data and LVDTs' position under the loading conditions.
The collected data was analyzed externally using an auditable interpolation routine to ensure
the most accurate and precise results for the complex modulus (|E*| and ¢).

To ensure the accuracy of the results, the interpolation routine utilizes more robust
equations and numerical models to provide additional interpolation parameters and improve
the fitting accuracy. This is particularly important since the tests may have imperfections in
the loading control, strain records, testing assembly, and other factors that can potentially af-
fect the accuracy of the results. Equation 23 and Equation 24 describe the mathematical func-
tions used in those interpolation routines, while Equation 25 and Equation 26 demonstrate the

calculation of the |E*| and ¢ results.

Oine(t) = Ay * sin(wt) + cos(wt) + C5 *t + Dy, (23)

Eine(t) = Ag * sin(wt) + B, * cos(wt) + C xt + D, 24)

A%, + B2, /JA§L+B£2L 25)

ZJ
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¢ = z": tan™ (/) — tan™ (“7/p,)) (26)

Whereas:
Oint (t) = stress interpolation function in the time domain;
€ (t) = strain interpolation function in the time domain;
w = angular velocity, in the frequency domain;
|E*| = absolute value of complex modulus;
¢ = phase angle, the signals’ delay;
n = number of cycles per sweep, for average;
A, and A, = in-phase amplitudes, for stress and strain;
B, and B, = out-of-phase amplitudes, for stress and strain;
C, and C, = linear component resulting from drift or damage;

D, and D, = stress and strain offset (mean values).

These definitions are widely used in literature, especially concerning signal pro-
cessing and analysis (Brinson; Brinson, 2008; Evangelista Junior; Macedo; Farias, 2019). The
CMA testing was conducted with loading control and sinusoidal loading shape, in agreement
with the literature on this subject (Kachkouch et al., 2022; Myrtja et al., 2021; Saucedo et al.,
2013). A range of frequencies was assessed, varying from 0.1 up to 25 Hz.

The chosen frequency range encompassed both low and mid-frequency ranges,
avoiding potential dynamic effects (frequencies higher than 25 Hz), as recommended by
ASTM E1876 (ASTM, 2022). A careful selection of the frequency range is crucial to obtain
reliable and accurate results for the viscoelastic characterization. Additional testing parame-

ters are presented in Table 11.

Table 11 - CMA Testing Parameters

Characteristics Pure Compression Pure Tension
Frequencies (Hz) 0.1,0.5, 1,5, 10, 15, 20, 25 0.1,0.5, 1, 5, 10, 15, 20, 25
Max Stress (kPa) 3000 (10% f,x) 0
Min Stress (kPa) 0 -300 (10% fy)

Source: Author (2023).

The fey is the characteristic compressive strength for cylinder specimens and f,
is the equivalent parameter for tensile strength, according to EN1992-1-1 (EUROCODE,

2004). The low-frequency range investigates the viscoelastic behavior under slow



64

deformations, usually implying a more pronounced viscous behavior, with more dissipation
of mechanical energy. At the mid-range frequencies, the materials usually demonstrate behav-
iors closer to elasticity, with a reduction of ¢ and higher levels of |E*|.

The frequency range selected for CMA is crucial for the accurate characterization,
as it determines the degree of deformation, once the frequency range can have a significant
impact on the complex modulus, especially concerning their phase angles (Brinson; Brinson,
2008; Evangelista Junior; Macedo; Farias, 2019; Kachkouch et al., 2022; Lee; Barr, 2004;
Myrtja et al., 2021).

3.3 Results and Discussion

In sections 3.3.1 and 3.3.2, it is presented the results of the compressive and tensile
strength of the concretes and mortars evaluated, discussing their findings in detail. Section

3.3.3 presents the results of the CMA characterization with insights into viscoelastic.
3.3.1 Compressive Strength results for Concrete formulations

The compressive strength results for 28 and 90 days are presented in Figure 20.

Those results show the impact of the proposed formulation on that mechanical property.

Figure 20 - Compressive Strength results for 28 and 90 days
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The proposed cement formulation with SF and GP demonstrated a significant ef-
fect on the compressive strength. M1 exhibited higher results at both 28 and 90 days. The
standard deviations for both results were within an acceptable range, indicating consistency
in the evaluation with lower variances at 90 days, with improved homogeneity.

The lower compressive strength of M2 was attributed to the 33.25% replacement

of the clinker content, 35% on the total cement content, by GP (30%) and SF (5%), having a
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dilution effect on the strength. It is noteworthy that the optimization aimed to improve the
stiffness behavior and strain response, not necessarily the strength levels, being the case.

The assessment of the compressive strength is a crucial methodological parameter
for the CMA tests. Despite the reduction observed, the focus remains on understanding the
alteration in the viscoelastic behavior, with insight into fatigue behavior. It is noteworthy that
the application of the M2 formulation remained suitable for the same purposes. Mix design
techniques offer the potential to bring strength levels back to similar levels.

For the last, it is noteworthy that the strength increase from 28 to 90 days was
more pronounced for the M2, with a 36% and 33% divergence respectively, which is attributed
to the GP addition, reported by the literature as having a long-term effect (Baikerikar;
Mudalgi; Ram, 2023; Fattouh; Elsayed, 2023; Keerio et al., 2022).

Therefore, the GP incorporation can still be considered suitable OPC replacement,
leading to improved mechanical behavior and durability in the long term, having M2 a higher
compressive strength increase (11.00%) compared to M1 (3.50%) from 28 to 90 days.

Several authors investigated the effect of GP on cementitious materials. It can lead
to higher compressive strength and durability, reduced water absorption, lower chloride pen-
etration and lower potential of carbonation, having significant effects even after 365 days.

It was found that its addition can result in improved resistance to chemical attacks,
higher frost and thaw cycles fatigue resistance and lower potential of alkali-silica reactions
(ASR), which are common causes of pathologies in structures and cementitious materials
(Jain; Sancheti; Gupta, 2020; Schwarz; Cam; Neithalath, 2008).

The review also highlighted that the use of GP in concrete can contribute to more
sustainable solutions, by reducing the waste disposal from glass manufacturing and decreasing
the GHGe of the industry (Baikerikar; Mudalgi; Ram, 2023; Bharathi; Adari; Pallepamula,
2022; Boukhelf et al., 2023).

Furthermore, a synergic use of SF and GP has been shown to improve the re-
sistance to pathological manifestations, such as sulfate attack, ASR and chloride penetration
(Boukhelf ef al., 2021; Fattouh; Elsayed, 2023; Fu et al., 2021; Keerio et al., 2022), beyond
the widely recognized improvements of the SF additions.

Thus, a comprehensive evaluation of the durability and resistance to pathological
manifestations of M2 is necessary, to further the compressive strength. Despite the notable
decrease in this parameter, with reductions of 36% and 33% for 28 and 90 days, respectively,
it remains suitable for the same applications of M1. This is evident when considering the

possibility of further assessing these mix designs to achieve similar strength levels.
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3.3.2 Splitting Tensile Strength results of Mortars formulations

Figure 21 displays the results of the splitting tensile on mortar specimens at 90

days. The statistical analysis is also presented by the respective boxplots.

Figure 21 - Tensile Strength for 90 days (a) with boxplots for M1 (b) and M2 (c)
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Source: Author (2023).

Similar to compression, in pure tension it was achieved proportional strength lev-
els, concerning the effect of the clinker replacement. M1 exhibited higher results, followed by
an average reduction of 31% for M2, noteworthy being a lower decrease compared to the
reductions in compressive strength (36% and 33%).

The standard deviation for both formulations was within an acceptable range, in-
dicating the tests’ consistency. M2 presented a lower standard error, as visualized in Figure
21c¢, with narrow boxplot boundaries, indicating a more homogeneous material.

It is reported by literature a correlation between both parameters (compressive and
tensile strength), ranging from 8% to 12%. The results visualized were consistent with this
relationship, with M2 showing a higher proportion (8.47%) compared to M1 (7.81%). Fur-
thermore, as discussed previously, the proposed formulation and the current main objective

aimed to improve the stiffness behavior, not necessarily the strength levels.
3.3.3 Results for the Complex Modulus Characterization
3.3.3.1 Complex Modulus for Pure Compression (Compressive Stresses)

Figure 22 presents the results for the |E*| with its respective ¢ in pure compression.

These are the average of the low (0.1 to 1 Hz) and mid-range (1 to 25 Hz) frequencies.
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Figure 22 - Average |E*| (a) and ¢ (b) in pure compression in the frequency ranges
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Regarding |E*|, Figure 22a shows that M2 had a higher average compared to M1
consistently. Specifically, there was an 18% increase in |E*| and a 7% increase in ¢ comparing
formulations. These findings suggest that the proposed formulation resulted a in stiffer mate-
rial, which is a desirable outcome. A higher |E*| is considered advantageous on the material's
durability and resistance to pathological manifestations (Chu et al., 2022b, 2023a; Liang et
al., 2022b), being an indicative of the improved durability.

Assessing the | E*| variance, the M2 formulation exhibited a higher absolute stand-
ard error (0.52 GPa), compared to M1 (0.45 GPa), with a lower percentual deviation of 2.86%
and 4.01% respectively. This implies that despite its absolute deviation, M2 had a higher ho-
mogeneity, being an influence of the proposed formulation, resulting in more consistent and
homogeneous material. These findings comply with the literature on GP and SF addition as-
sessing mechanical properties and durability (Baikerikar; Mudalgi; Ram, 2023; Fattouh;
Elsayed, 2023; Jain; Sancheti; Gupta, 2020).

Regarding ¢, M2 showed a more pronounced increase in the low-frequency range,
suggesting a more energy-absorbing behavior, tending to dissipate more energy than lower ¢
in low frequencies (< 1 Hz), by 7%. The increase in stiffness observed in M2 is attributed to
the optimization proposed, which is known to improve the strength and stiffness when added
in appropriate proportions.

The alteration in the ¢ at low frequencies is aligned with the literature (BaZant;
Jirdsek, 2018; Mechtcherine; Slowik; Kabele, 2018) and it was more pronounced for the M2
formulation. It indicates that beyond the alterations in the ¢ average, the proposed formulation

had impacts on the viscoelastic behavior of the composites.
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These findings have important implications and future research may explore fur-
ther enhancement in the formulations to achieve the desired balance between strength levels,
stiffness and viscoelastic behavior, aligned with durability and resistance to pathological man-
ifestations (Jain; Sancheti; Gupta, 2020; Schwarz; Cam; Neithalath, 2008). Figure 23 presents

the |E*| results with its respective ¢, in the frequency domain.

Figure 23 - Individual |E*| and ¢ in pure compression in the frequency domain
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The complex modulus results in the frequency domain demonstrated that the pro-
posed formulation, M2, exhibited a consistently higher |E*| across all sweep frequencies, with
an average value of 15.48 GPa, with no convergence in those confidence intervals. This find-
ing indicates that M2 has a higher stiffness, with the potential to improve durability and re-
sistance to pathological manifestations such as cracking and modulus degradation (Kuo;
Zhuang, 2021; Myrtja et al., 2021).

There was an uptrend tendency in the low frequencies for M1|E*| results which
is in agreement with the literature, with an increase in the concrete stiffness, closer to elastic-
ity, as the frequency increases (Chen et al., 2022; Medeiros et al., 2015). However, for M2 it
was divergent, with a downtrend in low-frequencies.

Upon analysis of the ¢ results, it was observed that M1 and M2 had similar read-
ings with no significant difference, being feasible to represent them by an average of 1.05°.
No statistical difference was found by ANOVA, comparing both ¢ series, even with a signif-
icance level of 99%.

Additionally, it was found that the loading frequency achieved a less pronounced
peak in the ¢ for 10 Hz followed by the higher values of |E*|. The ¢ is a direct function of
the loss modulus whereas the higher results indicate a greater ability to dissipate energy, as

presented by Equation 22. The M2 ¢ were mostly higher than M1, which suggests a less
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pronounced improved ability to dissipate energy. These findings were consistent with litera-
ture findings (Fattouh; Elsayed, 2023), however, it should be taken caution, once there were
no statistical divergences, as highlighted by the ANOVA results.

The increasing |E*| with frequency up to 1-10 Hz followed by a plateau, is a be-
havior reported by the literature on viscoelastic materials. It is explained by the alignment in
the microstructure, where further changes in frequency do not significantly affect these prop-
erties (Chen et al., 2022; Medeiros et al., 2015; Sanahuja; Dormieux; Chanvillard, 2007),
having a more ordered microstructure with the frequency increases.

Furthermore, it is noteworthy that there was variability in the results, as indicated
by the standard deviations. This variability is attributed to several factors (measurement error,
heterogeneity in the material and further experimental aspects) remaining feasible for im-
provements and further investigations.

Overall, these results suggest that the proposed formulation with OPC replace-
ment led to improvements in the mechanical properties of M2. These improvements were
frequency-dependent. For the last, at 10 Hz it was a less pronounced peak in both parameters
and both formulations, indicating a greater energy dissipation ability (Jia et al., 2021; Lee;

Barr, 2004; Myrtja et al., 2021).
3.3.3.2 Complex Modulus for Pure Tension (Tensile Stresses)

Figure 24 presents the results for |E*| with its respective ¢ for pure tension. The
presented values correspond to the average of the different sweep frequencies, for low (0.1 -

1 Hz) and mid-ranges (1 - 25 Hz).

Figure 24 - Average of |E*| (a) and ¢ (b) in pure tension in the frequency ranges
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By comparing these averages, the |E*| of M2 was consistently higher (16.92 GPa)
than M1 (14.01 GPa), similarly for compression results but with a larger difference. This
stiffer material, even for tensile stress, can improve durability and reduce the susceptibility to
pathological manifestations such as cracking. Furthermore, by comparing the variability of
the results, M2 standard error (1.11 GPa/ 6.3%) was higher than M1 (0.58 GPa /4.09%). This
can be possibly attributed to test alterations and misreading, not necessarily a higher variance
of the material in pure tension, diverging from the higher uniformity so far.

The ¢ results exhibited a statistical divergence by the ANOVA test, indicating an
influence of the formulation on those results. M1’s average was 1.32° while M2’s was 1.10°.
This lower ¢ for M2 indicates that it is less prone to energy dissipation compared to M1 which
has a behavior closer to elasticity, with insights into improved durability (BaZant; Jirasek,
2018; Mechtcherine; Slowik; Kabele, 2018).

The standard deviation for M2 (0.329°) was lower than M1 (0.355°), suggesting
a more consistent and homogeneous behavior. Finally, the higher |E*| and lower ¢ of M2
could indicate a superior behavior of the M2 formulation in pure tension. Higher | E*| indicates
a superior ability to resist mechanical loads with lower deformations or strains, The lower ¢
indicates a material with closer behavior to the elasticity, with low energy dissipation. This is
highlighted by literature as an expected outcome in terms of improved durability of cementi-
tious materials (Adil; Kevern; Mann, 2020; Bazant, 1970; Castro; Brito, 2013).

This behavior should be further assessed in order to assess its implications on du-
rability and fatigue behavior once it contrasts with the compressive results. Figure 25 presents

the individual results in the frequency domain.

Figure 25 - Individual |E*| and ¢ in pure tension in the frequency domain
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Similar to the previous results, M2 exhibited a consistently higher |E*| compared
to M1 across all sweeping frequencies, and the 10 Hz frequency presented the lowest |E*| and
highest ¢. The results of |E*| showed a not clear trend within the frequency, varying around
the average. The M2 average ¢ presented a more elastic behavior in pure tension compared
to M1, with mostly lower values. It provides insights into the importance of understanding the
materials’ behavior under dynamic conditions, as it can impact their performance.

It was also observed that the ¢ increased with decreasing frequency for a low
range, diverging from the previous results obtained for pure compression. This is more aligned
with the expected behavior reported by the literature (Brinson; Brinson, 2008).

Also, it is suggested that mechanical behavior is dependent on the loading applied
and the loading frequency is an important aspect of the resulting mechanical properties
(Bazant, 1970; BaZant; Jirasek, 2018). The gradual increase in |E*| and decrease in ¢ after 10
Hz is consistent with similar mechanical behavior in pure compression, by the plateau effect
reported by the literature (Chen et al., 2022; Sanahuja; Dormieux; Chanvillard, 2007).

The elevated variance in both results (|E*| and ¢) indicates a significant variabil-
ity in the results for pure tension. This variability can occur due to several factors, including
variations in the specimens’ strength levels, environmental and temperature conditions and
eventually measurement errors.

The overall trends in the results are consistent with the expected behavior of vis-
coelastic materials, and it was found the |E*| and ¢ parameters are dependent on the frequency
and temperature, as shown in previous studies on viscoelastic materials (Brinson; Brinson,
2008; Evangelista Junior; Macedo; Farias, 2019).

Furthermore, for pure tension results demonstrate that M1 exhibited a behavior
closer to viscosity, while M2 showed a more elastic response, by comparing the average pa-
rameters of complex modulus. Both aspects imply fatigue behavior and durability. The find-
ings of this paper were aligned with the literature for the importance of understanding the
mechanical behavior of viscoelastic materials, at different frequencies and temperatures (Bou-
khelf et al., 2021; Fattouh; Elsayed, 2023; Jain; Sancheti; Gupta, 2020; Kachkouch et al.,
2022; Medeiros et al., 2015; Myrtja et al., 2021).

Moreover, these results offer valuable insights into the viscoelastic behavior and
complex modulus of cementitious materials. It can be beneficial for structural design and the
development of more enhanced and stable materials, also with insight into durability and sus-
tainability. This knowledge is particularly valuable in applications where increased stiffness

and improved durability are desired, resisting cyclic loadings over time (context of
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aerogenerators and pavement infrastructures). Additionally, the experimental insights and re-

liable data obtained can aid in accurate modeling and analysis.
3.4 Final Comments

This paper aimed to assess the impact of a proposed cement formulation on the
dynamic stiffness behavior evaluating the complex modulus. The optimized binder was com-
posed also of OPC, having additions of silica fume (SF) and glass powder (GP) as SCMs,
aiming to enhance stiffness and durability. The binders were tested both in concretes and mor-
tars using the same mix design derived from an in-site aerogenerator foundation. Also, it was
proposed an adjusted method for complex modulus characterization of cementitious materials.

The results obtained demonstrate that the proposed cement formulation had a pos-
itive effect on the composites’ mechanical properties compared to a regular OPC. In the static
tests, it was observed that although there was a decrease in strength due to a reduction in
clinker content, this effect was less significant for longer ages, specifically at 90 days (due to
the GP long-term hydration effect). Nonetheless, all results for compressive and tensile
strength remain suitable for structural applications.

The complex modulus showed M2 as a consistently stiffer material with an in-
crease in the energy dissipation ability for compression and a decrease in tension. Also, it was
presented a comprehensive overview of its implications on durability, pathological manifes-
tation resistance and even fatigue life.

Indeed, the proposed characterization method and the materials characterization
results (complex modulus) achieved experimental outcomes consistent with the literature.
These findings have valuable insight for applications that require strain hardening, durability

enhancement and fatigue resistance. The conclusions can be summarized as follows:

. The compressive and splitting tensile strengths decreased by an average of 33% and
31%, directly attributed to the OPC replacement (30% GP and 5% SF) and consequently to
the clinker reduction (33.68% replacement). However, the proposed cement formulation
achieved relevant strength levels, making it feasible to assess the mix design parameters to
achieve similar strength levels for further formulations;

. By characterizing the |E*| and ¢ of M1 and M2, under pure compressive and tensile
stresses, it was demonstrated that these materials can exhibit distinct results within frequen-

cies, demonstrating a frequency-dependent behavior and depending on the loading regime.



73

These insights are crucial for developing more resistant and durable materials, on structural
applications, and for further assessments and developments on the degradation mechanisms;
. The proposed formulation resulted in a higher |E*| for M2, stiffer than M1. It was also
demonstrated that a higher |E*| is considered beneficial for improving the material's durability
concerning its mechanical behavior;

. Aside from the modulus increase, the optimized formulation (M2) demonstrated a
mostly higher ¢ in pure compression, implicating a higher loss modulus (more viscoelastic
behavior), which is not a usual behavior in literature for improved durability. However, the
results for pure tension were consistently lower, indicating a behavior closer to elasticity, ad-
dressing improved durability as well;

. The SCMs' addition proved to have a major effect on the mechanical response. It was
seen an up to 37% variation in the complex modulus for the same loading regimes between
the assessed materials (M1 and M2), with a 23% modulus increase of M2 in compression with

lower ¢ in pure tension, with implications on durability.

These findings provided valuable insights into the modeling, design and engineer-
ing of concrete structures, as well as for the understanding and prediction of mechanical be-
havior and durability over time. The M2 binder, applied in mortar, showed better performance,
with improved stiffness and durability. Also, with a focus on fatigue behavior, may indicate a
possible improved performance in that same aspect. The complex modulus of M2 was con-
sistently higher than M1 across all sweep frequencies and loading regimes, indicating that the
optimization has resulted in a more stable and predictable stiffer material.

As a final contribution, to fully understanding the relationship between mechani-
cal behavior and durability, further research may lead to further insights. For this, it is sug-
gested research with a focus on (1) fatigue testing, to supplement the modulus characterization
and to quantify degradation over time, (ii) modulus characterization over different loadings
amplitudes (stress levels) and temperatures, providing insights into different stress levels and
freeze-thaw cycles throughout years and seasons, for long-term effects, and (iii) durability
tests, to substantiate the current claims of improved resistance to pathological manifestations.
This future research can provide a more holistic assessment of the long-term structural per-
formance and can help guide the development of materials with tailored properties while ac-

counting for sustainability.
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4 INFLUENCE OF MICROSTRUCTURE AND SCMs ON STIFFNESS AND
TENSILE FATIGUE BEHAVIOR OF CEMENTITIOUS MATERIALS

The main content of this chapter is planned for submission

to the International Journal of Fatigue.
ABSTRACT

Fatigue of cementitious materials is an ongoing research topic in engineering and construction,
aiming at optimizing their performance and durability. The current paper addresses three re-
search gaps identified through a bibliometric analysis of 31,198 papers and 89,059 patents
worldwide. These gaps concern (i) the influence of the supplementary cementitious materials
(SCMs), (ii) the influence of microstructural aspects on quasi-static and fatigue behavior, and
(1i1) fatigue investigations under pure tension loads. This paper aims to investigate the influence
of the microstructure and supplementary cementitious materials on the stiffness and tensile fa-
tigue behavior of cementitious materials. A fatigue-enhanced cement formulation was proposed
and resulted in several microstructural improvements, with lower heat of hydration (by
32.15%), enhanced pore structure (with 43.42% lower diameters), and reduced porosity (up to
61.36%). Mechanical investigation revealed no significant variance in the modulus of elasticity
(under tensile static loading), but there was a significant difference in the absolute value of the
complex modulus (under quasi-static sinusoidal loading), up to 24.64% improvement. Lastly,
concerning the fatigue experiments, the proposed formulation led to improved fatigue re-
sistance, with a 19.80% higher endurance limit. The fatigue results were compared to standard
codes involving fatigue of concrete structures, specifically the DNV (Norwegian), and EC2 and
CEB-FIP (both Europeans). However, only the proposed formulation met the minimum crite-
rion on them. The investigation demonstrated that a more in-depth fatigue analysis can be ad-
dressed by accounting for the microstructural parameters that impact fatigue. These findings
contribute to the development of materials with improved fatigue-resistance and stiffness re-
sponse. Those are capable of withstanding higher stress levels during cyclic load while contrib-

uting to sustainability.

Keywords: fatigue behavior; microstructure; cement; supplementary cementitious materials

pure tension.



75

4.1 Introduction

Fatigue of cementitious materials is a mechanical degradation phenomenon charac-
terized by a reduction in load-bearing capacity and loss of modulus of elasticity when subjected
to cyclic loads, corrosion, and thermal fatigue, accumulating damage within time. It may hap-
pen on rendering facades mortars, concrete structural elements, such as aerogenerators’ towers
and foundations, pavements and bridges, and structural elements subjected to varying loads in
general (Balbo et al., 2021; Kachkouch et al., 2022; Myrtja et al., 2021). These cyclic loads can
encompass compression, tension, torsion, bending, or a combination of these stresses. The ma-
terial experiences internal damage that gradually diminishes its load-bearing capability and
modulus of elasticity, leading to structural failure or collapse (Huang et al., 2016).

The increased use of high-strength concretes in lightweight structures has high-
lighted the importance of addressing fatigue. Variable loads now constitute a more substantial
proportion of the structural load distribution (Vicente et al., 2016). Structures like aerogenera-
tors are subjected to a wide range of cyclic loads, with different frequencies and stress levels.

Enhancing the stiffness properties can potentially improve fatigue resistance and
extend durability. Several factors, including stress levels, loading frequencies, admixtures, and
fibers, can influence the strain response of those materials (Kachkouch ez al., 2022; Oneschkow,
2016; Zhao; Chang; Yang, 2008). An understanding of these mechanisms is crucial for improv-
ing performance (Parant; Rossi; Boulay, 2007).

In recent years, there has been an increase in interest in the field of fatigue of ce-
mentitious materials, reflecting its recognized significance and the need for more durable and
resistant structures (Jain; Sancheti; Gupta, 2020; Kachkouch et al., 2022; Wang; Duan; Zhu,
2021). This heightened attention is driven by the challenges faced by structures subjected to
cyclic loads (bridges, pavements and wind turbines). As these structures increasingly require
durable and environmentally friendly materials, the interest has grown stronger.

Before further detail, it is worth noting that despite its uptrend interest, several gaps
remain to be further addressed. To overview this scenario, it was performed a systematic liter-
ature review (SLR) of the current state-of-the-art research over articles and patents (Cambia,

2023). Table 12 presents a database query designed for the current SLR research.
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Table 12 — Design of the SLR query for the current research topic

Mandatory Words Excluded Words Excluded Fields
(Fatigue OR Modulus of Elasticity)  Asphalt, Macadam, Mathematics, Biology, Thermody-
AND Bituminous, Soil, namics, Physics, Bone cement, Den-
(Cement OR Paste OR Grout OR  Geopolymer, Alkali- tistry, Mineralogy, Polymer, Geology,
Mortar OR Concrete) Activated Metallurgy, Medicine, Geotechnics

Source: Autor (2023).

The results yielded 31,198 papers and 89,059 patents collected worldwide. Notably,
there was a more pronounced increase in article publishing around 2010, with a decrease after
2020, probably influenced by the COVID pandemic that hindered the ability to produce exper-
imental data in labs. China, the U.S., and the U.K. emerged as the top contributors by country.
The provided data underscores the sustained interest and investment in this research field.

Figure 26 provides insights by presenting this document counts over the years, from
1950 to 2023. This visual representation of the data can help in understanding the evolution of

research and the geographic distribution in the field of fatigue of cementitious materials.
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Recent research topics have shifted towards optimization strategies and the appli-
cation of this knowledge in more resistant and durable materials (Abdelli; Mokrani; Kennouche,
2021; Jain; Sancheti; Gupta, 2020; Wang; Duan; Zhu, 2021). The usual experimental programs
on fatigue behavior handle the strain evolution and the number of cycles to failure (Nf) for
continuous stress sinusoidal loading repetitions (Hiimme et al., 2016; Kachkouch et al., 2022;
Liang; Li, 2015; Viswanath; Lafave; Kuchma, 2021).

The investigations on the fatigue behavior of cementitious focus on the understand-
ing of their degradation mechanisms and the material stress-strain response under repeated
loads. Also, it provides a further understanding of parameters to improve their resistance under

cyclic loads (Hiimme et al., 2016; Kachkouch et al., 2022; Liang; Li, 2015; Vicente et al., 2016;
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Viswanath; Lafave; Kuchma, 2021). The SLR results underwent a bibliometric analysis. The
results and two visual plots are presented in Figure 27 organized by thematic clusters (keywords
and groups of keywords, Figure 27a) and by chronological evolution (with the colors indicating

the time scale, Figure 27b).

Figure 27 - Sub-themes network clusters (a) with their chronological evolution (b)
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Upon examination, it is possible to identify gaps that need addressing. The cluster
of characteristic strengths addressed SCMs such as fly ash, metakaolin, and slags. However,
there were no connections with other clusters, particularly with fatigue (red cluster). Such ob-
servation indicates that it is still poorly known what effects SCMs have on fatigue of concrete.

Secondly, the cement cluster addressed microstructural aspects such as particle size,

porosity, morphology, ITZ, and nanomaterials in the most recent trend (Chaudhary; Sinha,
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2020; Fattouh; Elsayed, 2023; Uzbas; Aydin, 2020). These factors impact cement hydration
and strength development, possibly enhancing mechanical properties. Exploring the interplay
between those can be strategic for the development of the field.

SCMs offer the potential to partially replace ordinary Portland cement (OPC), cre-
ating more sustainable solutions with reduced carbon emissions. The literature highlights dif-
ferent suitable materials for enhancing properties. When integrated and accounting for fatigue,
these materials have the potential to offer solutions for enhancing resistance and improving
durability (Abdelli; Mokrani; Kennouche, 2021; Jain; Sancheti; Gupta, 2020; Kachkouch et al.,
2022; Vicente et al., 2016).

Silica fume (SF) is recognized as an effective SCM, improving mechanical, micro-
structural, and durability properties (Adil; Kevern; Mann, 2020; Chaudhary; Sinha, 2020; Ni et
al., 2021; Singh; Mehta; Kumar, 2023; Tripathi et al., 2020). However, its effect specifically
on fatigue has not been thoroughly investigated. Given its ability to enhance the ITZ and reduce
crack formation, it is plausible to hypothesize that SF positively effects the fatigue resistance
of cementitious materials (Kachkouch et al., 2022). The SF addition enhances the ability to
restrain damage (Ozaki; Sugata, 1992), resulting in better mechanical performance, which is
also expected in fatigue resistance (Yan; Sun; Chen, 1999). It improves the ITZ, by reducing
the cracks’ incidence and their size (Boukhelf et al., 2021; Chung, 2002; Liu et al., 2023b).

Glass powder (GP) is also a potential SCM that has not been extensively investi-
gated, especially concerning fatigue. The literature demonstrates several positive effects on
strength, porosity, workability, and modulus of elasticity (Boukhelf et al., 2023; Chang et al.,
2015; Kalakada; Doh; Zi, 2020; Omran et al., 2017; Pappa et al., 2018). These aspects are
highly related to fatigue, but there is still not enough evidence on that.

Lastly, several studies have examined the fatigue behavior of concrete under com-
pressive, bending, or flexural loading conditions (Kachkouch et al., 2022; Myrtja et al., 2021;
Oneschkow, 2016). However, there remains a scarcity of contributions focusing on other load-
ing regimes, such as pure tensile or torsional/shear loadings. This understanding is crucial for
generating accurate design models and predicting service life.

The current paper aims to investigate the influence of the microstructure and SCMs
on the stiffness and tensile fatigue behavior of cementitious materials, with a special focus on
GP and SF as SCM additions. The proposed cement formulation derives from Chapter 3
(Targino et al., 2023), having the same comparison with regular OPC, in this case, CEM 1. In
this chapter, these same formulations were subjected to further analyses and mechanically

tested over a longer period, from 90 to 120 days. Those were applied to concretes, grouts, and
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paste, depending on the tests and analyses addressed. The outcomes hold the potential to drive
the development of more fatigue-resistant, durable, and sustainable materials, especially for

those exposed to cyclic loads.
4.2 Methodological Procedure - Part I11

The experimental program was divided into four sections: (1) analysis of the micro-
structure and physical aspects, (i1) compressive and tensile strength tests, (iii) quasi-static char-
acterization, and (iv) data analysis and software development. The first three sections involve
experimental procedures and materials characterization, and the fourth is dedicated to data anal-
ysis and software development for data processing complex modulus and fatigue test results.

In section 4.2.1, the focus was the influence of microstructure and physical param-
eters on fatigue, providing additional analysis beyond the usual mechanical parameters. These
investigations aimed to provide an understanding of these influences on fatigue.

Section 4.2.2. aimed to characterize the static mechanical properties, including
compressive and tensile strength, with the determination of the static modulus by the stress-
strain curves. Their accurate assessment is crucial for the fatigue testing procedures, especially
concerning the determination of the stress level.

Section 4.2.3. presented the quasi-static characterization, in low deformations
zones, and in the frequency domain, with the fatigue tests for different stress levels in pure
tension. First, it is presented a comparison between the static and quasi-static methods, and
second, the fatigue resistance and S-N curves are investigated. Also, it is presented the interlinks
between the microstructure and the mechanical characterization results.

Lastly, accurate data processing is crucial for the correct determination and evalu-
ation of complex modulus and fatigue properties. To drive, manage, and verify the entire pro-
cess the current methodology proposes the development and validation of analysis routines.
Section 4.2.4 describes this methodology with a numerical approach to sinusoidal data analysis,
which involved the development of two analysis software routines, for complex modulus anal-
ysis (CMA) and fatigue test analysis (FTA). The results were validated and evaluated for their

accuracy, by comparing with a built-in analysis software from a dynamic press (UTM-25).
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4.2.1 Microstructure and Physical Aspects
4.2.1.1 Cement Formulations and Concrete Mix Design

The refinement of the microstructure is recurrently addressed by literature on ce-
mentitious materials (Chaudhary; Sinha, 2020; Fattouh; Elsayed, 2023; Petrella et al., 2022;
Singh; Mehta; Kumar, 2023). The proposed cement formulation was conceived aiming to im-
prove microstructure, whereas the SF and GP demonstrated feasible potential to achieve that.

It was adopted a 5% OPC replacement rate for the proposed formulation, due to its
high fineness and better capacity to address micropores (Boukhelf et al., 2021; Chaudhary;
Sinha, 2020; Kravtsova et al., 2020). On the GP, it was found positive results for the micro-
structure with the 30% replacement ratio (Adil; Kevern; Mann, 2020; Boukhelf et al., 2021).

For the reference OPC (M1), it was adopted a (i) CEM I 52.5N. The proposed for-
mulation (M2) was composed of the same OPC, with a partial mass replacement by (ii) GP,
undertaken at a ratio of 30%, and (iii) SF, incorporated at 5%. These cement formulations were
applied to pastes, grouts and concrete for the following analysis. Figure 28 presents a graphical

abstract of the binders' compositions.

Figure 28 - Graphical abstract of the cement formulations proposed.
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The concrete mix design was derived from an on-site aerogenerator foundation mix
design from a French-Brazilian collaborative research project that evaluated an aerogenerator’s

foundation in France. The corresponding grout was adapted by excluding the coarse aggregate
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from the mix formulation and keeping all remainder proportions. This adjustment allowed for
the fabrication of specimens with a scaled-down geometry, which also meets the stress levels
requirement of the quasi-static tests while preserving adequate elementary representative vol-
ume (ERV) for testing. Table 13 summarizes the mix designs for the binders and composites.
The cement CEM 1 52.5N conformed to the European Standard EN 197-1 (2012).
The GP was obtained from glass waste demolition at a disposal plant in Caen (Normandy,
France). The crushing process was repeated to obtain a diameter smaller than 63 um. The SF

complied with EN 13263-1 (CEN, 2005), with 96% of silica content (high purity).

Table 13 - Cement formulations, and the grout and concrete mix designs

Density Cement Cement Grout M1 Grout M2 Conc. M1 Conc. M2

Component kg/md) M1(%) M2(%) (kgmd)  (kgmd)  (kgmd)  (kgmd)
Cement CEM 1 3170 100 65 350 248,40 350 248,40
Glass Powder (GP) 2180 - 30 - 74,50 - 74,50
Silica Fume (SF) 2710 - 5 - 12,40 - 12,40
Clinker Content - 95 63 - - - -
W/B Ratio - - - 0,45 0,45 0,45 0,45
Water 1000 - - 157,50 150,90 157,50 150,90
Fine Aggregate

_ Sand (0/3.15 mm) 2490 - - 639 639 639 639
Coarse Aggregate

- Gravel (3,15/12.5 mm) 2310 ) ) ) i 1070 1070
Specimens Size (mm) - - - 39x88 39x88 110x220 110x220

Source: Author (2023).

The density of fillers was determined using a helium pycnometer. All grouts and
concrete mixtures maintained the same water/binder ratio (W/B) of 0.45 with a cement con-
sumption of 350 kg/m3. The same W/B ratio was used in the composition of the pastes for the
heat of hydration analysis. After molded, the specimens were placed in a humid chamber with
50% RH at 22 °C. After 24 hours, they were demolded and kept under ambient conditions up
to the respective testing ages.

The particle size distribution (PSD) of the powder materials (CEM I, GP, and SF)
was determined using a dry method analyzer (CEN, 2012b). Those specific surfaces were as-
sessed using the BET method, based on Brunauer, Emmett, and Teller's theory, in compliance

with EN ISO 18757 (CEN, 2003). Figure 29 presents these respective results.
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Figure 29 - Percentage passed, fraction retained and specific surface of raw materials.
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Source: Author (2023).

All the materials exhibited a continuous curve distribution. The CEM 1 settled be-
tween both SCMs indicating a promising potential for pore optimization concerning the SF
incorporation. The GP curve consistently demonstrated a coarser aspect. The results align with
the findings in the literature (Boukhelf ef al., 2021; Omran et al., 2017; Pappa et al., 2018).
Nevertheless, there is potential for improvements in the microstructure and pore size distribu-

tion due to the GP influence on hydration and long-term effects.
4.2.1.2 Heat of hydration Analysis

The cement paste formulations were applied to pastes with the same W/B as the
grouts and concretes (0.45). After mixing in the fresh state, they were tested in compliance with
ASTM C1702 (ASTM, 2017). The heat flow was recorded over a period of 25 hours, and iso-
thermal conditions were maintained at 20°C £ 0.02°C within the measuring cells. This method
provides insights into the heat evolution and reactivity of the cementitious system, shedding
light onto the influence of GP and SF on early-age hydration (Al-Hasani et al., 2023; Lavagna;
Nistico, 2022; Li et al., 2023).

4.2.1.3 Concrete Slump Tests

The Abrams cone slump test, following NF EN 12350-2 (2019), is a widely em-

ployed monotonic technique to evaluate concrete workability (CEN, 2019).
4.2.1.4 Scanning Electron Microscopy (SEM) Images

SEM images were obtained both for the raw materials (CEM I, GP and SF) and the
concrete sections (M1 and M2). The SEM analysis was performed using an FEI Quanta 200
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ESEM FEG, equipped with a FEG Field-Effect GUN electron emitter and a Large Field Detec-
tor (LFD) of Secondary Electrons (SE). The testing was conducted at a water vapor pressure of
1.5 mbar and a voltage of 20 kV. The concrete specimens were sectioned using a precision saw.
These surfaces were then polished to remove any saw-induced damage and to expose an unal-

tered cross-section of the material’s microstructure. Tests were carried out for 28 aging days.
4.2.1.5 Water (WIP) and Mercury Intrusion Porosimetry (MIP)

Porosimetry is a widely used technique for assessing microstructure, particularly in
relation to the influence of the pore structure. Two employed methods are water intrusion po-
rosimetry (WIP) and mercury intrusion porosimetry (MIP). The WIP tests were conducted in
triplicate according to AFPC-AFREM (LABORATOIRE MATERIAUX ET DURABILITE
DES CONSTRUCTIONS, 2009). The MIP tests were performed on specimens with a size of 3
cm3, in compliance with ASTM D4404-18 (ASTM, 2018) with injection pressure of up to 400
MPa. All tests were carried out at 90 days.

4.2.1.6 Thermogravimetric (TG) Analysis

Thermogravimetry is an analytical technique employed to measure variations in
sample mass in the temperature domain. This method is useful for monitoring processes such
as solid-phase transformations, moisture content, water bonding, and the estimation of the con-
tent of hydration products, such as portlandite. During the test, the temperature was increased
from the ambient up to 1000 °C at a rate of 10°C/min.

The obtained TG results can be used to calculate (i) the physically adsorbed water
(%wpq), (ii) the chemically bonded water (%wy,), (iii) the carbon oxides content (%C0y), in-
cluding CO; and CO resulting from carbonaceous molecules degradation, (iv) the portlandite
content (%CH) and (v) the calcite content (% Calcite). Equations 27 to 31 establish the content
estimation for different components, based on the mass loss (Boukhelf ef al., 2021; Idir; Cyr;

Tagnit-Hamou, 2011; Issaadi et al., 2017; Vogler et al., 2022).

m —-—m
Yowpg = ——222 X 100% (27)
M3o0
m —-—m
%w), = %500 X 100% (28)
00
Meoo —

m
890 % 100% (29)

%CO, =
Mgoo
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My190 — M M
%CH [Ca(OH),] = —2 %0 « Ca(0H),

X 100% 30)
Mygo H,0

500 — Mogoo % Mcaco,

m
%Calcite (CaCOs) = X 100% 31)

LT CO,

Whereas:
%Wy, , %ow), = water physically and chemically absorbed, in percentage [%];
%CO0, = estimation of carbonaceous materials mass content, in percentage [%];
%CH [Ca(OH),] = estimation of portlandite mass content, in percentage [%];
%Calcite (CaCO3) = estimation of calcite mass content, in percentage [%];

Mtemperature = Sample weights at a specific temperature in °C [g];

Mcacomy, » Mu,o0 » Mcaco, » Mco, = chemical component molar mass [g/mol].
4.2.1.7 Life Cycle Analysis (LCA)

LCA is a technique employed to assess the environmental repercussions of pro-
cesses, products, or services. The current LCA extracted data from the literature concerning
CEM 1, GP, and SF. This data encompasses (i) raw material consumption, (ii) energy demand,
and (ii1) greenhouse gas emissions (GHGe) (Chen et al., 2010; Crossin, 2015; Guignone et al.,
2022; Huntzinger; Eatmon, 2009; Sanchez et al., 2021; Valderrama et al., 2012; Zulkarnain et
al., 2021). Based on that, it was established the life cycle inventory (LCI), incorporating the
average of these findings. The LCA estimated the environmental impact of the proposed for-
mulation with the effect of the chosen SCM additions in comparison to the OPC formulation of

CEM L.
4.2.2 Compressive and Tensile Strength, and Tensile Static Modulus

Characteristic strengths have a major influence on fatigue. Enhanced compressive
strength has the potential to increase fatigue resistance (Huang et al., 2017), load-bearing ca-
pacity, and reduce crack propagation (Magalhaes et al., 1996). The compressive strength tests
were conducted on the concrete formulations using cylindrical specimens of 110 mm diameter
x 220 mm height, at 28 and 90 days, in compliance with EN 12390-3 (CEN, 2019).

The tensile strength tests were performed on the grout formulations using cylindri-
cal specimens of 39 mm diameter x 88 mm height, at 90 days after casting. Tests were con-
ducted in a Universal Testing Machine dynamic press (UTM-25) measuring the strain response
during the tests. The loading regime was in pure tension with loading control, with a 10% load-

ing rate for compressive tests (ABNT, 2007; ASTM, 2020; CEN, 2019). The load cell had a
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maximum capacity of 25 kN with a 0.001 kN resolution. Also, the static modulus was deter-

mined from the slope of the stress-strain curves up to 30% of the stress-strain levels.
4.2.3 Quasi-static Characterization

The modulus of elasticity is a widely used parameter for assessing concrete stress-
strain. A higher modulus can improve fatigue resistance (Huang et al., 2017), and reduce the
risk of failure (Magalhdes et al., 1996). Cementitious materials exhibit a signal delay between
stress and strain (Bazant, 1970; BazZant; Jirdsek, 2018; Brinson; Brinson, 2008; Evangelista
Junior; Macedo; Farias, 2019; Zhao et al., 2013), a parameter named phase angle (¢), influ-
enced by parameters such as loading frequency, and stress levels (Liu et al., 2019). This is a
common material property studied in many viscoelastic materials, but still rare in cementitious
materials, usually considered perfectly elastic for modulus characterization.

The complex modulus is a measurement of material stiffness for viscoelastic mate-
rials being a useful parameter, due to its ability to broader evaluate mechanical behavior (Brin-
son; Brinson, 2008; Liang et al., 2022b), containing information on the stiffness and dissipated
energy during mechanical loadings.

The complex modulus (CM) quantifies the storage modulus (E’, the real part of the
complex modulus and related to the ability of the material to store and give back, instantly,
mechanical energy, then considered elastic) and the loss modulus (E"’, the imaginary part of the
complex modulus, related to the ability of the material to dissipate mechanical energy, then
considered viscous). In perfect elasticity (¢ ~ 0), the absolute value of the CM (|E*|) coincides
with the modulus of elasticity. Equation 32 describes those relationships.

o,
E* = E—O[cosgo + i.senp] = E' +i.E"; |E*| = VE'2 + E"? (32)
0

Whereas:
¢@ = Phase Angle, the signals' delay;
|E*| = Absolute value of Complex Modulus;
E' = Real part of Complex Modulus (Storage Modulus) with E' = |E*|. cos¢;
E” = Imaginary part of Complex Modulus (Loss Modulus) with E’" = |E*|. sen¢.

The literature on cementitious materials usually determines the CM using stress-
controlled tests (Chen et al., 2022; Evangelista Junior; Macedo; Farias, 2019; Yan; Sun; Chen,
1999). Figure 30 illustrates the experimental data and the numerical interpretation of the test to

determine the absolute value of complex modulus and phase angle.
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Figure 30 - Experimental vs. modeled data for Complex Modulus
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Source: Author (2023).

Equations 33 and 34 describe the numerical models to represent general stress and
strain signals with a sinusoidal part, respectively. Equations 35 and 36 illustrate the numerical
calculation of the |E*| and ¢ results. Those equations describe stress and strain interpolation
functions over time, denoted as g;,,; (t) and &;,,; (t) respectively, necessary for signal processing
during complex modulus and fatigue tests.

Oint(t) = A, * sen(wt) + B, * cos(wt) + C; *xt + Dy, (33)

Eine(t) = Ag x sen(wt) + B, * cos(wt) + C, x t + D, (34)

- \/A?;i + Bgi/\/Agi + B (35)
=) .
i=1

. zn:ta“_l (A"'"/Bgi) ; tan”t (1o1/ ) (36)
Whereas:

o(t) , (t) = stress and strain function in the time domain;

w = angular velocity, in the frequency domain, with w = 2xf;

N = number of cycles for the average calculation, adopting the total of the loading cy-
cles for the CM tests and 1 for the individual cycle calculation of fatigue tests;

A, and A, = wave amplitude in phase, for stress and strain, respectively, while the in-
dex i denotes the cycle for which the parameter is obtained;

B, and B, = wave amplitude out of phase, for stress and strain, respectively;

C, and C, = linear component resulting from drift or damage, for stress and strain, re-

spectively;
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D, and D, = stress and strain offset (mainly due to the application of non-centered

loading signals), for stress and strain, respectively, also named as its respective mean values.

Both CM and fatigue tests are stress-controlled and conducted with varying stress
levels (Sieper = Oapplied/ Fmax)- being defined as the minimum (S,,;,) and maximum (Sy,qy)
parameters of the sinusoidal loading amplitude. Also, the loading frequency (f) is defined.
Equations 33 and 34 are applied to each loading cycle individually.

For the CM tests, the outcome is the average of the |E*| and ¢, calculated individ-
ually for each loading cycle. Those averages are summarized for each loading frequency test.
For fatigue, the results of |E*| and ¢ are presented individually for each loading cycle. In both
cases, it is employed Equations 33 to 36, with a difference in the N adopted for each case.

These tests were performed at UTM 25 dynamic press under different loading con-
ditions. The recorded data was analyzed externally by analysis software (CMA and FTA). Fig-

ure 31 presents the test apparatus.

Figure 31 - Dynamic Press (a), testing set apparatus with LVDTs in detail (b)
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Source: Author (2023).

As presented in Figure 31, the LVDTSs’ position’ is not usual, being necessary to
explain the strain measurement procedure. Equation 37 and 38 presents the LVDT position

calculation as a time function (P(t)) and the specimen strain (SpecimenStrain(t)).

P(t) = CurrentPosition(t) — InitialPosition (37
P,(t)+P: t)
—hO+ 7 (38)

SpecimenStrain(t) = 1 —
pecimenStrain(t) InitialSpecimenHeight
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The P; (t) refers to the LVDT positioned in the lower endplate, and P, (t) and P;(t)
are placed in contact with the upper. The InitialPosition and InitialSpecimenHeight are
measured on the start of the testing procedure.

The tests were performed on grout formulations (Grout M1 and M2) using cylin-
drical specimens of 39 mm diameter and 88 mm height. The specimen sizes’ reduction was
necessary to accommodate the press load limits (maximum static load of 25 kN). It corresponds
in such reduced geometry to a compressive strength limit of 20.9 MPa, while it would have
given a 2.63 MPa on a 110-mm diameter, limiting the possibility of investigating stiffness both
for compressive and tensile tests and making impractical the fatigue tests. The expected com-

pressive and tensile strength was 50 MPa and 5 MPa, respectively.
4.2.3.1 Complex Modulus Analysis (CMA) in Pure Compression and Pure Tension

This characterization was conducted with low-stress levels estimated from the spec-
imens’ strength levels under monotonic loading (for compressive and tensile loading regimes),
to ensure that it poses no risk of damage to the integrity of the materials. The goal was to assess
the behavior of the complex modulus (|E*| and ¢) at low stress and strain levels.

This procedure was repeated for different loading frequencies, which is also named
“frequency sweep” in the literature. The selected frequency range covered up to the mid-range
(lower than 25 Hz) avoiding dynamic/inertial effects, which would need to be addressed with
other techniques, complying with ASTM E1876 (ASTM, 2022).

All tests were carried out with temperature control ensured by a climatic chamber,
with arange of 19 °C £ 0.50. CM tests were both in pure compression and pure tension, ranging
from low (0.1 - 1 Hz) to mid-range (1 - 25 Hz) frequencies. The maximum and minimum stress
levels are percentages based on the compressive and tensile strength levels. Table 14 provides

the specifics of the frequency sweep tests.

Table 14 - Testing Parameters of the Complex Modulus Tests

Testing Group PCLF PCMF PTLF PTMD
Loading Regime Compressive Compressive Tensile Tensile
Frequencies Range (Hz) 0.1-1(+0.1) 1-25(+1) 0.1-1@0.1) 1-25(+1)
Number of Cycles (N) 10 100 10 100
Maximum Stress 10% 10% 0 0
Minimum Stress 0 0 10% 10%

Source: Author (2023).
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4.2.3.2 Pure Tension Fatigue characterization

The fatigue tests follow a similar methodology with the application of sinusoidal
loading and measuring the strain responses over time. For this case, the loading frequency was
set at 10 Hz. As outcomes, it is measured (i) the stress and strain response, and (ii) the number
of cycles (N) up to (iii) the number of cycles at failure (Nf) providing the necessary data for
the calculation of the complex modulus parameters. For each cycle is calculated its respective
|E*| and ¢, focusing not on their average, but on their variation through fatigue cycles.

The Nf indicates how long the material can endure cyclic loading before collapse,
while the modulus degradation (AE) is a measure of the material’s stiffness loss due to damage
accumulation. The fatigue model refers to the numerical modeling of the experimental findings
to predict fatigue life. Also, it determines the endurance limits (ELs), a stress level that a mate-
rial can withstand for an infinite number of cycles without fatigue failure.

Those stress levels are higher (about 60% to 100% of the static strength) than in
CM tests (about 10% of static strength). Fatigue damage curves consist of the modulus degra-
dation and loss of stiffness that the material evolves with repeated cycles. In damage mechanics
models, it is a percent change of the initial modulus, related to the loss of cross-sectional re-
sistant area (Kachanov, 1958; Kattan; Voyiadjis, 2002; Lemaitre; Sermage; Desmorat, 1999;
Lemaitre; Chaboche, 1990).

Lastly, there is an aging effect on the fatigue behavior of cementitious materials.
Early-age concretes develop hygrothermal cracks and deformations (Wei, 2012). It may exhibit
stiffness evolution, thermal strains, and viscoelastic effects, leading to an initial degradation
due to internal stresses (Massoud et al., 2008). Fatigue resistance increases with age (Galloway;
Harding; Raithby, 1979). The current tests were carried out from 90 to 120 aging days. Further-
more, the SEM analysis can address the mentioned phenomena described.

The numerical data processing used was the same as those described in Equations

33 to 36. Table 15 presents a summary of the parameters.

Table 15 - Testing Parameters of the Fatigue Tests

Testing Group Grout M1 Grout M2

Loading Regime Tensile Tensile

Loading Frequency (Hz) 10 10

Stop Criteria (Cycles) 10° or failure 10° or failure

Max Stress (0gppiied /Omax) 60% - 100% (5% increments) 80% - 100% (+5% increments)
Min Stress (O-applied/o_max) 10% of Omax 10% of Omax

Source: Author (2023).
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To avoid uncontrolled loading rates in the initial loading, it was adopted a loading
ramp program. This program led the measurement in the load cell from zero to the planned
average stress between the maximum and minimum stress levels of the cyclic sinusoidal load-

ings. This loading rate complied with the standards (ABNT, 2007; ASTM, 2020; CEN, 2019).

4.2.4 Data Analysis: Software development and validation

The literature review highlighted a lack of solutions for data processing of complex
modulus and fatigue tests. To address this gap, two software routines were developed, named
(i) Complex Modulus Analyzer (CMA) and (ii) Fatigue Test Analyzer (FTA). Figure 32 presents

an overview of the data workflow for both tools.

Figure 32 - CMA and FTA data-processing Flowchart
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CMA provides the average values of |E*| and ¢, for a number of cycles (N) and
varying the testing frequencies (f). The |E*| and ¢ are calculated for each loading cycle indi-
vidually and proceed with the average calculation. The materials are meant to be tested at a
non-damage stress level. For FTA, the results of |E*| and ¢ for each cycle are presented in the

function of the cycles, to assess the material’s degradation over cyclesupto a Nf.
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To develop the referred tools, a validation process was conducted. This process is
described following, which is used to interpret results from CM and fatigue tests in the paper.
To evaluate the results’ accuracy, two metrics were adopted: (i) the R? Score (a global quality
measure) and (ii) the Standard Error (a linear measure of the difference between results).

For the validation, a comparative analysis was conducted between the current anal-
ysis method (CMA) and the built-in analyzer from the UTM 25 dynamic press, comparing the
results of |E*| and ¢, and the mean standard error (MSE). The tests were performed using
samples of asphalt concrete, cementitious concrete and steel. In total, 49 results were compared.

Figure 33 presents an illustration of the validation process used for this analysis.

Figure 33 - Software validation, comparison with the
UTM 25 analysis software.
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Source: Author (2023).

To investigate the variance of the results, it was employed a two-way ANOVA, and
a Bland-Altman Analysis, to assess the individual differences and the limits of agreement
(LoA). The validation results are presented as follows.

Regarding the comparison of the MSE, the UTM method obtained an average of
4.02 £ 1.45 pe, while for CMA was 0.15 £ 0.02 pe. It indicates a significant improvement in
the accuracy of the CMA method, with a 27-factor reduction in the MSE average and standard
error (from 36.06% to 13.33%). Moreover, it is emphasized that the average modulus by the
CMA method was 215.42 GPa for steel, 37.50 GPa for cementitious concrete, and 15.84 GPa
for asphalt concrete. The ANOVA results are presented in Table 16.
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Table 16 - Two-way ANOVA results for the complex modulus results

IE'| Steel Cementitious  Asphalt o Steel Cementitious Asphalt

Concrete Concrete Concrete Concrete
p-Value 0.394 0.842 0.993 0.460 0.066 0.896
Fcalc./Fcrit. 0.178 0.009 1.560x107 0.133 0.970 0.016

Source: Author (2023).

All the p-values were above the minimum threshold of 0.05, indicating that there is
no statistically significant difference between the results of both analysis methods. The F pa-

rameters also supported the consistency of the results. Bland-Altman is presented in Figure 34.

Figure 34 - Bland-Altman results for individual divergences
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The analysis compared the CMA results with those obtained from the UTM 25. The
mean difference was -2.23%, indicating that on average the CMA results were higher than those
of UTM 25. From all 49 observations, only two were labeled as outliers, in red.

By examining these two outliers, it was found that the lower percentage difference
was led by the UTM method. Assessing these individual results, no evidence was found for that
decrease of the modulus in the literature, with a drop in the results of steel samples by 68.93%
and 32.74%. These findings were inconsistent with the literature, attributed to a processing
error, on the amplitudes’ adjustment. The expected values for these cases were close to the
CMA results, and aligned with the literature (Liang et al., 2022a; Zhao et al., 2013).

Furthermore, excepting these two outlier values, there was no statistically signifi-
cant difference between these two methods. The Bland-Altman plots show that most data points

fall between the LoAs, indicating agreement for the methods.
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Summarizing the validation, by comparing all three parameters adopted (|E*|, ¢
and MSE) it was concluded that both analysis methods were consistent with the expected results
and specifically the CMA results were more accurate.

The outliers, led by the UTM-25 data processing, do not reflect the literature be-
havior, once these results (118.01 and 132.07 GPa) are lower than the usual range of 190 to 215
GPa for the modulus of elasticity of steel. Additionally, both occurrences were at the same
loading frequency of 0.5 Hz, corroborating the hypothesis of error, due to a possible wrong
adjustment of the amplitudes, frequency, or similar parameters by the UTM software.

The ANOVA and Bland-Altman analyses support the effectiveness of the CMA
method in processing the results. This consistency highlights the reliability of the methods de-
veloped in correctly processing the results. The agreement between the two methods enhances

the confidence in the reliability of the proposed approach.
4.3 Results and Discussion

4.3.1 Microstructure and Physical Aspects
4.3.1.1 Heat of hydration Analysis

The delayed ettringite formation (DEF), and thermal and early-age cracks are re-
lated to the energy released during hydration. It impacts fatigue resistance (Maruyama; Tera-

moto; Igarashi, 2014). Figure 35 presents the heat of hydration results.

Figure 35 - Heat of hydration of the assessed cement formulations
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Assessing the amplitude peak (a measure of the maximum thermal energy release
rate, defined in Figure 35) it was observed a reduction of 32.15% and a delay of 1.26 h by
comparing both results. On the cumulative energy, there was a reduction of 25.56%.

The reduction in heat of hydration is beneficial for the microstructure and fatigue
resistance, with low-heat cements preferred for those applications (Maruyama; Teramoto; Iga-
rashi, 2014), with a lower potential for cracks’ formation, enhanced hydration products, and
reduced incidence of large pores. The SF and GP addition is found to reduce the released energy
at early ages (Tavares et al., 2020).

On the influence of the SCMs’ mass replacement, the peak reduction (32.15%) had
a similar range as the clinker replacement, and the GP and SF content demonstrated quasi-zero
heat contribution. The obtained results point to a lower susceptibility to thermal and early-age
cracks, improving the mechanical behavior and possibly fatigue resistance, with a focus on
degradation mechanisms (cracks formations and coalescence) of the fatigue phenomenon. This

hypothesis can be further confirmed by the SEM and Fatigue results.
4.3.1.2 Concrete Slump Tests

The slump test assesses the adequacy of the use, influencing the strength and mi-

crostructure. Figure 36 presents the results (CEN, 2019).

Figure 36 - Concrete workability test results
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The proposed formulation yielded a very high fluidity (187 mm) compared to the
reference formulation (129 mm). The presented outcome has a direct implication on the water
content and mix design. The increase in fluidity indicates a lower water demand, which could
have promoted a reduction in the W/B ratio, resulting in improvements in microstructure and

strength levels.
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This outcome is influenced by the SCM additions, specifically on the GP. Literature
reports its particles with a smooth superficial aspect, with a lower grain friction, improving
mechanically the fluidity. It improves the flow (Singh; Talwar, 2020), increases workability
(Akg¢aoglu; Cubukcuoglu; Tarassoly, 2020; Gokulnath; Ramesh; Priyadharsan, 2020; Singh;
Talwar, 2020), and its sole addition only improves the freezing-thawing fatigue resistance
(Grinys et al., 2021).

On the other hand, the SF with a 5% addition results in an increase in paste con-
sistency. It results in a higher viscosity by 3 % and a yield stress by 18% (Adil; Kevern; Mann,
2020). Despite the increase in consistency, the 5% replacement is highlighted as the better re-
placement ratio (Chaudhary; Sinha, 2020).

Finally, the improved fluidity (+44.96%) encompasses both an improved flow led
by GP, with higher consistency led by SF. Overall, the potential reduction in water demand is
a positive aspect for those applications. Reduced W/B ratios have a positive effect on I'TZ bond-
ing strength, composite durability, and higher compressive and tensile strength levels

(Kachkouch et al., 2022; Paul; gavija; Babafemi, 2018).
4.3.1.3 Scanning Electron Microscopy (SEM) Images

Figure 37 presents the SEM results of the raw materials. The general observation of
shapes and geometries agreed was consistent with similar investigations of CEM I, GP, and SF
(Chaudhary; Sinha, 2020; Fattouh; Elsayed, 2023; Muller et al., 2015; Petrella et al., 2022;
Uzbas; Aydin, 2020).

Figure 37 - SEM images of (a) CEM 1, (b) GP and (c) SF on a 50um scale
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Figure 37a presents mostly particles with a fractured aspect, resulting from the
clinker refinement. Figure 37b presents the GP aspect. The particles mainly encompass two

types, (i) a coarse smooth shape (Coarse GP) and (ii) finer dendritic fragments (Fine GP). The
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visualized shape formats corroborate the hypothesis in the workability section, attributing the
improved fluidity to the GP influence, also aligned with the evidence presented.

Figure 37c presents the SF aspect, in agreement with the literature. Those particles
directly address pores fulfillment, resulting in a denser matrix (Santos et al., 2021), and im-
proved microstructure (Boukhelf e al., 2021, 2023). All these aspects are beneficial to fatigue
resistance, by the lower W/B ratio potential, denser cement matrix, and better pores fulfillment,
which can be confirmed in the SEM of the resulting microstructure. Figure 38 presents the con-

crete SEM results.

Figure 38 - SEM images of the concretes (a) M1 and (b) M2 on a 250um scale
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The concretes’ SEM images of the proposed formulation demonstrated an improved
microstructure. The Calcium Silicate Hydrate (CSH), the main product of cement hydration, is
primarily responsible for the strength (Zhan et al., 2018). M1 demonstrated CSH structures with
larger gaps, ranging from 5 to 15 pm, with a non-cohesive aspect. M2 was denser and more
cohesive. Thinner gaps result in a lower potential for crack formation and coalescence.

The second overview is on the cracks’ incidence, due to early-age phenomena
(cracks due to internal effects) and heat of hydration. For M1, the cracks were more evident,
with large gap widths (up to 10 um). M2 had a narrower range (up to 6 um).

Additionally, there were diverging pore structures. For M1, the macropore diame-
ters range from 68 up to 125 um. The M2 presented smaller pores, up to 41.38 um. Lower pores
structure and diameters lead to improved fatigue resistance and mechanical behavior

(Kachkouch et al., 2022; Myrtja et al., 2021; Zhao; Chang; Yang, 2008). Moreover, aligned
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with the heat analysis, the low heat observation resulted in a more intact and less damaged

microstructure, possibly leading to improved fatigue resistance.
4.3.1.4 Water (WIP) and Mercury Intrusion Porosimetry (MIP)

Figure 39 displays the average porosimetry from both the WIP and MIP methods.
The proposed formulation resulted in a lower average porosity of 7.20% and 0.75% by the WIP
and MIP methods.

Figure 39 - Water and Mercury porosimetry results
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The addition of GP leads to a more refined microstructure (Serelis et al., 2021)
increasing the hydration degree (Tremifio et al., 2021). The SF addition addresses the pores
sizes lower than OPC capabilities (gel pores and mesopores ranges as follows), also improving
hydration (Kravtsova et al., 2020). In further detail, Figure 40 presents the pores’ incidence in

the pores’ diameter domain.

Figure 40 — Distribution of pore diameters within the diameter range

Gel Pores Mesopores Capillary Pores Macropores
0.10 1 + + 4
0.08 4 0.088 | Mesopores | .
o 1 CSH Formation (-61.36%) ' =
= 0.06 - : r NS
= 0.04 T CSH Nanoporosity 0.018 Pore range of 8
@ ’ 0.018 SEM analysis E
< 0.02 + <3 T S
> )
S 00006 T oasa god T m D muimass S
5 Ihe 0.484  0.001 L\ 060 &
= 1 Gel Pores Influence . B
-—ou = o I 045 .‘—1v
S (+14.09%) l | Mesopores =
g | 0.166 0397 (-17.97%) [0 g
] : -17.97% =i
A . L0158
———0.074
0.00
0.001 0.01 0.1 1 10
Pore Diameter (1um) ——Ml ——M2 M1 Cum. —+—M2 Cum.

Source: Author (2023).



98

The gel pores and mesopores ranges are influenced by the cement hydration prod-
ucts. The more pronounced alteration, with a 61.36% decrease in the mesopores followed by
an increase in the gel pores range suggests an improvement in the CSH formation. The meso-
pores range is mainly composed of CSH clusters (Muller et al., 2015). Literature reports CSH
with an inherent nano-porosity of about 26% (Liu et al., 2021), increasing the porosity in this
range, as a consequence of the higher CSH formation.

In this way, a higher CSH content can reduce the void content in the mesopores and
increase the gel pores range, similar to the effect visualized (Gao et al., 2015). In summary,
lower porosity, higher CSH content, and improved pore structure are all beneficial for fatigue

resistance and mechanical behavior (Kachkouch et al., 2022).
4.3.1.5 Thermogravimetric (TG) Analysis

Figure 41a presents the results of the TG and dTG results in the temperature domain.

Based on Equations 27 to 31 the mass content estimations are presented in Figure 41b.

Figure 41 - Results for TG and dTG analysis (a) and contents estimation (b)
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M2 had a greater thermal stability through these results (-32.65% loss of mass). The
GP is reported with the potential to improve thermal stability and freezing-thawing fatigue re-
sistance (Grinys et al., 2021), and SF as well (Chung, 2002).

On the parameter of water physically absorbed (%w,,,), lower results are beneficial
for the composites’ properties, improving durability, and reducing autogeneous shrinkage
(Ding et al., 2020; Huang et al., 2020; Yamashita; Yoshida; Hirashima, 2017).

For the carbon oxides content (%C0,.), it is a measure of the carbonaceous content.
Lower %CO0, implies an improved freezing-thawing fatigue resistance (Grinys et al., 2021),

and lower carbonatation potential. There were improvements in both parameters.
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Lastly, the lower portilandite (%CH) and calcite (%CaC05) contents reaffirm the
higher CSH formation (Abzaev et al., 2022; Lu et al., 2023). Both contents are consumed for
the CSH formation. The observed results presented an additional effect on the clinker replace-
ment confirming the initial insights.

The water chemically bonded (%wy,) influences mechanical properties (Zhang; Li;
Li, 2019). Also, the elastic modulus can be affected by this same parameter (Miller et al., 2016).
Based on the 32.23% reduction, it is possible to a possible a higher elasticity modulus, also as

an influence of that parameter (Kazmierczak et al., 2019).
4.3.1.6 Life cycle analysis (LCA)

Assessing the LCA results, Figure 42 presents the estimations for raw materials and
GHGe. The overall reduction was a direct influence of the clinker replacement, the most pollu-

tant constituent of the cement industry. On the GHGe, Figure 42b and Figure 42c, the same over-

all was observed.

Figure 42 - LCA of (a) raw materials, (b) GHG emissions and (c) hazardous emissions
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The addition of SCMs led to additional changes in the particulate emissions, re-
duced by only 24.14%, and gaseous H>O, increased by 97.83%. The first case is influenced by
the SF obtaining process (high particulate emission) as well as the GP, due to a non-industrial
scale obtaining process (Guignone ef al., 2022; Orouji; Zahrai; Najaf, 2021).

Lastly, when evaluating trade-offs between different environmental impacts, these
emissions constitute a more local problem, when compared to the global concern of CO» and

GHGe. Lastly, Figure 43 presents energy consumption.
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Figure 43 - LCA results from energy consumption
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Natural gas is a cleaner-burning fossil fuel compared to coal and oil, producing
fewer air pollutants, such as SO, and NOx, leading to improvements in local air quality. Also,
shifting from fossil fuels to electricity has benefitted LCA. Electricity generation produces
lower local air pollutants and GHGe.

In general, the results show improvements in (i) lower demand for mineral re-
sources, (ii) incorporation of waste materials, (iii) lower GHGe, and (iv) use of more clean
energy. All these aspects are positive for LCA and the environment and demonstrate the poten-

tial of the proposed formulation both in the fatigue performance and environment.
4.3.2 Compressive and Tensile Strength, and Tensile Static Modulus

Figure 44 presents both strength results for 28 and 90 days. The strength reduction
(32% to 36%) was mainly attributed to the clinker replacement (33.68%).

Figure 44 - Concretes’ compressive strength at 28 and 90 days (a)
and grouts’ tensile strength at 90 days (b)
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On the strength evolution, M2 had a higher strength increase (11.11%), compared
to M1 (3.50%). This was attributed to the long-term influence of GP (Gotek, 2019; Omran et
al., 2017) and SF (Saurabh; Darji, 2016; Sealey et al., 2017).

Lastly, the lower water demand of the proposed formulation also has an impact on
this outcome. As expressed by the workability analysis, with improved fluidity, there was more
free water due to the GP addition and its coarse particle fineness. This fact could have been
used to reduce the water consumption in the concrete, and therefore reduce W/B and increase
strength. However, for this paper, it was decided to maintain W/B fixed for all formulations,
evidencing the influence of the cement formulation and its respective fatigue behavior.

Additionally, the lower variability (higher homogeneity) is also positive for the fa-
tigue behavior, providing an improved strength levels’ prediction. Furthermore, the stress-strain
curves of the tensile strength test can provide additional results on the mechanical characteri-
zation. Figure 45 presents the stress-strain curves for the tensile strength tests. The strain is pre-

sented in x-axis and stress in y-axis.

Figure 45 - Stress-strain experimental results for grouts (a) M1 and (b) M2 at 90 days
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Despite the small difference in average value (16,6 GPa for grout M1 and 15,3 for
grout M2), it was observed that there is no significant difference in slope between formulations,
indicating a similar modulus of elasticity in the static loading regime. The curves’ shape format
had a good adjustment to linear models, mainly for strains under 40-50% of the static strength,
with R2-scores above 0.995. The static modulus of elasticity was determined from the slope of
the linear models for stress-strain from up to 30% of the maximum strain. The static modulus

and the maximum strain levels (near rupture) are presented in Figure 46.
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Figure 46 - Elasticity Modulus (a) and Maximum Strain (b) at 90 days

Converging
@) 20.0 Confidence (b)350
Intervals Converging
- 17.5 i~ 300 Confidence
s "SRRl T g . Interval
% 15.0 3250 ntervals
= 5t - --
g 123 % 3200 <
E 10.0 > 8 “
e & 150 27497 « o
2 - E = 100 g
- o 5 = @ g
: S 3 S 3
0.0 H - 0 H e
Ml M2 Ml

Source: Author (2023).

Similar to the stress-strain curves result, there was a superposition of the confidence
intervals, indicating that the results have no significant difference, considering the margin of
error. The M2 standard error was lower, which contributed to better prediction of stress levels
for fatigue (Lei et al., 2017; Li; Ren, 2009), implying a lower variability for that formulation.

The same specimens addressed to the tensile strength tests were tested for the com-
plex modulus which had been done before. The following is presented a comparison of the
modulus of elasticity based on the stress-strain response of the static and quasi-static character-

ization methods, presented in Figure 47.

Figure 47 — Average linear model for static characterization and stress-strain curves for quasi-static
method, for M1 (a) and M2 formulations (c) with the average adjustments for both (b, d)
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The previous curves are represented by the average adjustment on the linear models.
By comparing both stress-strain curves, the M1 results were coincident, having both curves a
modulus of elasticity near 16.23, with a 0.3% variation. On the other hand, the M2 had a 25.63%
alteration in the average results, with the quasi-static results yielding higher values.

The expected difference should be near by +10%. That discrepancy should be fur-
ther assessed. In the literature, this may indicate an amplitude effect with a difference from the
linear model proposed previously (Bazant; Jirdsek, 2018; Brooks, 2015), or even can be at-
tributed to possible damage.

Moreover, these findings provide an additional parameter for stiffness behavior.
Lastly, it is concluded that the quasi-static characterization can provide additional parameters
for the understanding of the stiffness, providing an initial determination of the materials’ ¢,

being an initial step for fatigue assessment.
4.3.3 Quasi-static Characterization
4.3.3.1 Complex Modulus Analysis (CMA)

Figure 48 presents the complex modulus results in pure compression. The results
showed a consistent higher |E*| for M2. The average standard error was also lower (0.33 GPa,
1.81%), indicating a lower variability (-0.93%).

Figure 48 - CMA in Pure Compression
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Microstructural parameters have an influence on this improvement (Wei; Liang;
Kong, 2023). There are mainly three observations, from the microstructural analysis, that can
be addressed on this outcome: (i) the lower %w),, content, which improves the elastic modulus

of cementitious materials (Kazmierczak et al., 2019), (ii) the higher CSH content and crystal
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molecular formation, along with other hydration products, and (iii) the improved pores structure
(Wei; Liang; Kong, 2023). Additionally, it can be suggested alterations in its Poisson ratio led
by the improvements in the pore structures and denser cement matrix.

Moreover, the assessment of ¢ is not usual for the characterization of cementitious
materials (Luo et al., 2017). A lower ¢, assessed by the complex modulus, indicates a reduced
lag in stress-strain, resulting in a viscoelastic behavior closer to elasticity, with lower energy
dissipation and reduced potential for cracks’ formation. The results demonstrated that the in-
corporation of those SCMs resulted in a lower average of ¢ (-33.34%).

A similar interlink for microstructure and |E*| is observed for ¢, being this case
more focused on the denser cement matrix, improved hydration products, and lower incidence
of pores with large diameters (Wei; Liang; Kong, 2023).

Additionally, by comparing the ¢ results with the findings of Chapter 3 (Targino et
al.,2023), it was found an aging effect on the ¢. The results for 45 aging days indicated a higher
@ compared to the reference formulation. This result was reversed by the age of 90 to 120 days,
having a 33.34% drop in the same M2/M1 ¢ comparison. This is indicative of an aging effect,
having the long-term ages a viscoelastic behavior closer to elasticity.

Lastly, due to the similarity of low amplitudes (¢ = 0,6°), questions about the pos-
sibility of a systematic error may be raised. However, it is common to observe temperature
increase during fatigue tests in concrete, on the order of 20°C for tests at 75% of stress levels
(Kachkouch et al., 2022; Myrtja et al., 2021; Oneschkow, 2016), which could be explained by
a viscoelastic character of the material with small phase angles. Figure 49 presents the CMA
results for pure tension.

Figure 49 - CMA in Pure Tension
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The overall improvement was 24.64% in |E™| and a drop of 0.56° in ¢, implying a
low viscous parcel on the viscoelastic behavior in pure tension. It was observed an aging effect,
with increases of 9.85% and 13.29% respectively by comparing those results with 45 aging
days of Chapter 3 (Targino et al., 2023), reaffirming the SCMs’ influence on the quasi-static
behavior, especially on the long-term influence of GP.

The discrepancies by comparing with the CMA results in pure compression, of -
8.28% and +5.61% respectively, evidences the bimodularity between the loading regimes and
non-linearity of their strain behavior varying the loading regime.

Additionally, there was an evident variation in the ¢ results with respect to fre-
quency, confirmed by the ANOVA, yielding lower values for 1 Hz. This behavior could reaf-
firm the possibility of systematic error. To assess those specific variations in ¢ in further detail,
the current protocol was adjusted to closer step variations of frequency (0.1 Hz in low frequen-

cies and 2 Hz at mid-frequencies). These results are presented in Figure 50.

Figure 50 - Results for short step investigation on ¢, for (a, ¢) low and (b, d) mid-range frequencies, in
(a, b) pure compression and (c, d) pure tension, at 90 to 120 days
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Source: Author (2023).

The ¢ behavior diverged from the literature in some cases, a trend that is currently

under investigation. It is expected a reduction in the ¢ results when the frequency increases
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(Bazant; Jirdsek, 2018; Evangelista Junior; Macedo; Farias, 2019). In this way, only the results
of ¢ in low frequencies and pure tension followed this behavior. It is worth noting that there
could be a possibility of a systematic error influencing these trends. If present, these potential
errors appear to be in an acceptable range.

By approaching the linear models to the y-axis (frequency tending to 0) we can also
gain insights into the mechanical properties in quasi-static loading and the creep behavior. The
higher ¢, the higher the potential of creep effects under static loadings over time (Bazant, 1970;
Bazant; Jirasek, 2018; Lemaitre; Chaboche, 1990). Further research is needed to understand
these results and their implications on the material properties.

The current results present the M2 with a lower susceptibility to creep effects by
accounting for the y-intercept approach. The average results were 0.76° and 0.99° for M1, and
0.42° and 0.24° for M2 (compression and tension respectively). Finally, it can be seen that M2
presented a lower viscous parcel and a lower potential for creep effects. It’s also worth consid-
ering that these trends might be influenced by our measurement techniques rather than being
solely due to the inherent properties of the materials.

Furthermore, it can be concluded that the quasi-static characterization can provide
several insights for fatigue tests and characterization, providing (i) an estimation of the initial
complex modulus to be expected, in terms of |E*| and ¢, and with the phase angle as an im-
portant parameter that may be behind observations of temperature increase during fatigue tests
in the literature (Konsta-Gdoutos; Danoglidis; Shah, 2019; Oneschkow, 2016; Zhao et al.,
2013), (i) the investigation of the frequency influence, providing additional parameters for the

loading frequency on the fatigue tests, and (ii1) an initial investigation of the creep effects.
4.3.3.2 Pure Tension Fatigue characterization

The results of the fatigue in pure tension are presented, whereas Table 17 summa-

rizes the specimen counting over the experiments.

Table 17 — Summary of the fatigue specimens’ usage and rejection

Description M1 M2
Specimens Tested 22 12
Specimens Rejected 12 3
Specimens Used 10 9

Source: Author, 2013

Early ruptures were observed during some of the initial loading ramps or even rup-

tures with significantly fewer cycles than expected for the tested stress level. It was necessary
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to evaluate their conformity based on mechanical and visual aspects. Those criteria included (1)
the initial estimation of Nf, based on the experimental data available in the literature and from
the other obtained results, (ii) the verification of the conformity of the stress-strain levels, based
on the average stress-strain results from previous specimens (after a minimum triplicate) and
the stress-strain results from tensile strength tests, (iii) the visual inspection of uniformity and
homogeneity of the rupture section, and (iv) rupture on the loading ramp.

Based on that verification, the lack of uniformity was the aspect most visualized/in-
cident during the specimens’ verification, with entrained air voids (EAV) and pores concentra-
tion in almost all rupture sections. Secondly, it was observed several early ruptures, with fewer
cycles than excepted and even during the initial loading, which was attributed to variations in
the strength levels. Those specimens with abnormalities had their results discarded. Figure 51

illustrates an example of this scenario.

Figure 51 - Ruptures for M1 (a) and M2 (b), with their section defects details (c)
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Source: Author (2023).

The fatigue test stop criterion encompassed two criteria: (i) the specimen collapse,

with the number of cycles at failure, if lower than 10° cycles, and (ii) the test interruption at 10°

cycles. During that period (28 hours of testing), there were no interruptions, with continuous

loading application. The EL is the stress level under which the materials can withstand a theo-

retically indefinite number of cycles. It can be determined experimentally by using a fatigue
model for the S-N curve and an adopted criterion of long-term cycles.

There are differences between methodologies and standard codes on EL (Beriha;

Sahoo; Steyn, 2019; CEB, 1990; DNV, 2004; EUROCODE, 2004). However, the current EL

was set to the stress level at which the number of cycles at failure is 107 cycles, being the most

conservative criterion among those reviewed. Finally, Figure 52 presents the experimental data
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of the fatigue tests in the form of an S-N curve for M1, with its respective candidate fatigue

models assessed and determined ELs.

Figure 52 - Fatigue Results and Models for M1 formulation at 10 Hz
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Source: Author (2023).

The axes consist of a log-linear base plot. The M1 experimental on the specimens’
rupture ranged from 55% up to 80% of S,,4x- In the range of 85% to 100%, all the specimens
presented rupture during the loading ramp, not achieving a complete loading cycle in the fatigue
tests (which can be expected for stress levels near 100%). These results were confirmed in
triplicate. For that reason, this specific data was not included, even though they would not be
far from two of the models (bilinear and logarithmic) displayed in Figure 52. Only two M1
specimens achieved 10° cycles (with Stress Levels of 55% and 60%), highlighted in red so that
the tests were stopped without visible failure. They were not used for the data fitting with the
fatigue model curves either.

Concerning the fatigue models, the experimental fatigue data (after discarding early
failures and failures at 10° cycles) were modeled using three numerical models, (i) linear, (ii)
bilinear, and (iii) logarithmic. By assessing the standard codes and literature on this subject
(Beriha; Sahoo; Steyn, 2019; CEB, 1990; DNV, 2004; EUROCODE, 2004), linear or bilinear
models in a log-linear base are usually adopted, with a special case for this last one, due to a
transition between low and high cycle resistance regimes. Such a clear transition could not be
directly observed in the experimental data, but still, the model was evaluated. Table 18 presents

the fitted models and the corresponding ELs (considering the criterion of failure at 107 cycles)

for M1 results.
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Table 18 - M1 Interpolated Fatigue Models, Accuracy Evaluation and respective ELs

Models Equations R? Score ELs
Linear %Sax(N) = —0.0228 x N + 0.7928 0.4956  63.65%
- —0.0677 *logyo N + 0.8516, x < 1.6
Bilinear %S max(N) = {_0_0199 . 1o§i§ N 107809 x> 16 0.4986  64.16%

Logarithmic %Smax(N) = —0.062In(N) + 0.7836 0.545  66.65%

Source: Author, 2013

On the adjusted models, the logarithmic showed a better fit. When evaluating the
boundary conditions, which include the rupture points at lower stress levels and the points that
met the stop criteria, the EL of the logarithmic model did not fit these aspects. Specifically, it
did not encompass the behavior of the two rupture points at 65% of S,.qx. It was initial evidence
for the evaluation of further numerical approaches.

The linear and bilinear models had similar accuracy results (R? of 0.4956 and
0.4986), having the first a more conservative EL of 63.65%. Additionally, the transition be-
tween low and high cycles regime for the bilinear model (Nf = 101-), illustrated in the Figure
52 by the transition from Low Nf and High Nf, was low compared to the literature results,
which are about 10° to 10* cycles (Kachkouch et al., 2022; Oneschkow, 2016), also indicating
an additional deviation in that aspect.

Based on that scenario, for the M1 formulation, it was adopted a linear model to
describe its experimental fatigue data on the S-N curve. A similar procedure was conducted for
the M2 formulation. Figure 53 presents the corresponding experimental data, interpolated mod-

els and ELs obtained.

Figure 53 — Fatigue Data and Adjusted Models for M2 formulation at 10 Hz

110% w e .
T, ‘ —+— Linear A Experimental Data
105% N | Bilinear m Fatigue Resistant
) . b Logarithmic _—
4 100% N Low Nf |High Nf = 2
x RS I Bilinear Model 2
~ 95% A kA e EL at 10’ 2
) - i O
8 90% N A 2
7 S730de|. LA LU L L L LN TR n
S 85% A A 8
. '83.45%- Endurance Limit (107) l N l Hlill ‘ Tl T T L [T 4
©  Bilinear Model [ ] 18 m - i
N=>107 (No Fatigue) Ny Z
75% T =) —
1 10 102 108 10* 10° 106 107

Number of Cycles at Failure (Nf)
Source: Author (2023).



110

The M2 rupture data concentrated a range with Nf from 102 up to 10°, with stress
levels from 85% up to 100% also presenting early failures, similar to M1. Two specimens meet
the stop criteria once more. There was a lower variance in the global aspect of M2 results when
compared to M1, with experimental data closer to the models. This is an effect of the lower
variance on the mechanical characterization and microstructural aspects presented previously
for other observed properties. Table 19 presents the fitted models and the corresponding ELs

(considering the criterion of failure at 107 cycles) for M1 results.

Table 19 — M2 Interpolated Fatigue Models, Accuracy Evaluation and respective ELs

Models Equations R2 Score ELs
Linear %Smax(N) = —0.0712 * N + 1.1484 0.6965  65.00%
. _ (—0.0997 xlog;o N + 1.2322, x < 3.6
Bilinear %Sar (N) = {_0.0 5o Nt 0915 x5 36 05145  83.45%

Logarithmic ~ %Spar(N) = —0.241In(N) + 1.1954 07522  72.64%

Source: Author, 2013

The logarithmic and linear models presented higher R? scores. However, when as-
sessing their respective ELs and the points that met the test interruption criterion (fatigue re-
sistant points), they were not able to encompass these boundary conditions. The bilinear model
presented a better ability to foresee those aspects, despite the lowest R2 score. It indicates that
the adjustment accuracy is not an entirely comprehensive evaluation parameter of these models.

Li et al. (2016) evaluated the fatigue life of cementitious material with fibers. It was
demonstrated that the R? score is not accurate for the evaluation of fatigue models. Instead, the
fatigue resistance under similar stress levels and the careful interpretation of the physical be-
havior are more accurate for that evaluation . Similarly, Balbo et al. (2021) also provide further
evidence adopting the bilinear model in the investigation of concrete fatigue behavior.

By comparing the Nf results for similar S, (such as 75% and 80%) M1 obtained
an average of 10° cycles while all tests of M2 achieved the interruption criteria of 10° cycles.
Additionally, for the bilinear model, the transition between low and high fatigue cycles (Nf =
103%), settled exactly between 10° to 10* cycles, values reported from the literature (Kachkouch
et al., 2022; Oneschkow, 2016).

Moreover, by comparing the R? of both experimental data (M1 and M2), it was
visualized that the current models presented higher scores, an influence of lower variances and

higher homogeneity, explained by the improved microstructure (Wei; Liang; Kong, 2023).
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Figure 54 presents both experimental data with the chosen fatigue models, ELs, and
fatigue limit of some classical standard codes for design (known as CEB-FIP, DNV, and EC2)
(CEB, 1990; DNV, 2004; EUROCODE, 2004) as a comparison.

Figure 54 - S-N Curves results for pure tension loading regime at different ages
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Source: Author (2023).

By comparing both formulations, M2 demonstrated a higher fatigue resistance, with
consistent and non-overlapped results. As a second metric, it is possible to compare the ELs,
having an increase of 19.80%. This specific result has several implications for structural design
and materials’ durability on service. A higher EL implies that the material can be submitted to
higher stress levels (by the order of 20%) with an equivalent risk of failure. Also, for a given
stress level, more cycles are needed to lead the material to failure.

In structural applications, it may result in slender structures and reduced cross-sec-
tion, with increased durability. It also has improved aspects of sustainability once less mainte-
nance would be required. The EL denotes the maximum stress that a material can endure for an
infinite number of cycles. The EL is particularly significant in this context as it provides a stress
limit that the material can safely endure over without the risk of fatigue failure.

A higher EL, as exhibited by M2, implies that the material can withstand higher
stress levels (+19.80%) for the same number of cycles, or the same stress level for more cycles,
thereby augmenting the structure’s durability and reducing maintenance requirements, imply-
ing reduced cross-sections without compromising durability, thereby enhancing sustainability
and cost-effectiveness. Moreover, it is possible to compare the current experimental results in
pure tension with the fatigue standard codes of concrete in compression (CEB, 1990; DNV,

2004; EUROCODE, 2004), for a theoretical comparison.
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The M1 experimental results were predominantly lower than all the three standard
codes presented, indicating its poor performance compared to the minimum requirements of
fatigue resistance adopted for creating these standards. This may indicate that structures with
regular OPC, submitted to similar stress levels in pure tension, may experience fatigue.

On the other hand, all M2 experimental points exceeded the minimal fatigue re-
sistance of the standard codes. In general, the SCM additions, in the mix design of the proposed
formulation, seemed to improve fatigue resistance. Also, structures designed using M2, sub-
mitted to similar conditions to those referred codes, would have more durability than regular
OPC formulations, and may not be experiencing fatigue.

Different microstructural aspects may influence that outcome. The improvement in
the viscoelastic behavior (by the lower viscous parcel, addressed by the quasi-static character-
ization results), reduces the potential of cracks’ formation, which directly impacts fatigue. This
lower potential results in the material having a lower degradation when subjected to cyclic
loads, withstanding higher stress levels, and lasting more cycles.

Additionally, there is another aspect concerning the improved pores’ structure and
denser cement matrix (with lower cracks’ incidence and more compact CSH formation),
demonstrated by the porosity, SEM and TG analysis. Fatigue is governed by the cracks’ nucle-
ation and their coalescence (Kachkouch ez al., 2022; Lemaitre; Sermage; Desmorat, 1999; Myr-
tja et al., 2021; Oneschkow, 2016; Zhao; Chang; Yang, 2008).

The improved microstructural integrity mentioned makes it more difficult for the
concrete to experience these processes, especially on the cracks’ propagation, leading to more
durable and fatigue-resistant materials. The complex modulus degradation curves (|E*| and ¢
as a function of the number of cycles) were also addressed. Figure 55 presents an example of

the degradation curves.
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Figure 55 - |E*| and ¢ curves for (a) M1 at 114 days and (b) M2 at 96 days
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Source: Author (2023).

Based on the results, different aspects can be addressed, such as (i) the difference
in the curves’ shape format, (ii) the variation in the |E*| and ¢ curves, (iii) the curve division
into three stages and its proportion, and (iv) a comparison with the CMA results. By comparing
the curve shape with the literature, it was found that |E*| curves presented a similar degradation
behavior from pure compression usual results (Kachkouch et al., 2022; Myrtja et al., 2021;
Zanuy; Albajar; De La Fuente, 2011).

By comparing the average variations in both signals for both formulations, the M2
degradation curves presented a lower signal noise for both complex modulus parameters. This
is a possible reflection of the low variance of error addressed by all the mechanical tests.

The |E*| and ¢ absolute variation measures the material’s ability to withstand deg-
radation before collapse. Those average degradations were similar (5.59% and 5.84%). As-
sessing the literature on the same parameter (Myrtja et al., 2021), it was found variation ranges
up to 35%. It reflects the short ability of cementitious materials to accumulate damage in pure
tension (while most results in the literature are in compression).

Moreover, by assessing the three-stage division of the Nf, there were alterations in

the first and third stages. The third segment provides additional information on the rupture of
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the specimen. The M1 presented a shorter third segment, which means a segment of rupture
with less damage accumulation compared to M2. It has similarities with the behavior of fragile
ruptures, being more abrupt this segment.

In this way, the M2 formulation presented a superior behavior, with a higher pro-
portion, influenced by the improved microstructure. Once it is more difficult to coalescence
macrocracks, it is necessary to have more cracks incidence to indeed lead the specimen to col-

lapse. Figure 56 presents the visual aspects of the rupture sections.

Figure 56 - Splitting sections for (a) M1 and (b) M2 with their respective details (c, d)

(c) 1 Entrained | Aggregates’ T Macropore

Air Voids Sizes

Cover

| ITZ Gap 1 Defects Conc.

Smm
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The M2 whiter aspect was attributed to the influence of the SCMs. Its visual aspect
presents a higher uniformity, with a better aggregate covering, as addressed by the microstruc-
ture section (by the SEM and porosimetry analysis). For most of the rupture sections, there was
a recurrent pattern of defects (mainly EAVs and macropores concentration observations on the
ruptures sections visual inspections).

Based on the experimental observations, the entrained air voids (EAVs) were
demonstrated as a highly sensitive issue for fatigue, which is aligned with the literature (Li;
Ren, 2009; Zhao; Chang; Yang, 2008). It was incident in all rupture sections.

The stochastic damage model is a concept based on the energy equivalent strain,
considering the nonlinearity and randomness of cementitious materials (Li; Ren, 2009). The
model reproduces the multi-dimensional stochastic nonlinear behaviors and predicts the ran-
domness of multiaxial strength, which is important for explaining their reliability and degrada-

tion. Figure 57 illustrates the mentioned damage model.
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Figure 57 - Stochastic Damage Model for discrete (a) and continuous bundles (b)
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This model can feasibly explain the abnormality in the complex modulus degrada-
tion curves, with abrupt drops and signal disruption in the |E*|, also encompassing the EAVs
degradation in the cement matrix. Each EAV bubble represents a break or absence of one of the
springs in the parallel element model, around which it will probably be easier to nucleate and
propagate new cracks. In this way, the presence of EAVs introduces additional randomness and
nonlinearity into the mechanical properties, affecting the damage predictions. Then, such kind
of model seems as a potential way to explain the abrupt changes and signal disruptions high-
lighted in |E™*| degradation curves, from Figure 55.

The fatigue results, when juxtaposed with the microstructural analysis, provide
quantitative parameters for fatigue investigation and experimental program. The heat of hydra-
tion analysis, characterized by results with lower peak amplitude, reduced the potential for ther-
mal and early-age crack formation, resulting in a material with fewer available spots for crack
nucleation and propagation, a conclusion supported by the microstructural analysis (on the SEM
images, porosimetry, and TG results) and fatigue tests.

The workability results provided potential results for a lower W/B ratio, attributable
to the influence of GP coarse particles. This water reduction could have leaded to results of
improvements of ITZ and enhancements on the strength. The denser materials, as corroborated
by SEM and porosimetry, directly contribute to the higher fatigue resistance for M2.

Lastly, regarding the structural components of the cement matrix (specifically the
CSH, Portlandite, and Calcite contents) the porosimetry, SEM images, and TG analysis, their
higher content contributed to the improved mechanical behavior (Wei; Liang; Kong, 2023), and
fatigue resistance observed (Kachkouch et al., 2022; Myrtja et al., 2021).

In conclusion, addressing microstructural aspects for fatigue analysis provided a

way to design a more fatigue-resistant matrix, which was confirmed with fatigue test results
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afterward. Such analysis also provides additional quantifiable parameters for formulation,

which are quicker to perform in the laboratory than fatigue tests.

4.4 Final Comments

This paper investigated the influence of the microstructure and SCMs on the stiff-
ness and tensile fatigue behavior of cementitious materials, with a special focus on GP and SF
as SCM additions. Such topics were observed as a gap in the literature after a comprehensive
bibliometric analysis.

Based on the findings and evaluations, the microstructure experimental investiga-
tion demonstrated the potential to directly address and investigate the fatigue phenomenon in
more in-depth detail. The fatigue tests and stiffness characterization confirmed the same find-
ings of the microstructure analysis (that the proposed formulation, M2, would have an improved
fatigue resistance and stiffness behavior).

Summarizing the contributions to the literature, the microstructure analysis demon-
strated feasible parameters for the development of more durable and fatigue-resistant materials.
Also, the SCMs proved to have a positive impact on fatigue resistance. On the proposed for-
mulation, M2, the stiffness was improved by up to 24% (from the quasi-static characterization
results), and the fatigue resistance had a higher EL, with up to 19.80% improvement (from
fatigue tests) being all aligned with different microstructural enhancements (denser cement ma-
trix, higher CSH formation, lower incidence of cracks, as well as other findings). Such work

led to the further conclusions described below:

¢ Formulations with low hlat of hydration ar[ pr(fltr(d for applilations subjl 1t/ d to fatigu!]

e The SCM additions contributed to a lower thermal energy release rate, having a lower
cracks’ incidence (demonstrated by the SEM analysis) and improved microstructural
integrity, aligned with the improved fatigue resistance results;

e There was a 61.36% reduction in the mesopores range, attributed to a higher CSH
formation, impacting stiffness and fatigue behavior (explained by the CMA analysis and
fatigue results);

e The microstructural investigation was demonstrated to be less time-consuming than the
experimental campaign on fatigue. While fatigue investigation can last months (4 for the
current case), the microstructural program was feasible to complete in 28 days;

¢ On the quasi-static characterization results, the M2 formulation demonstrated an average

improvement of 8.22% and 24.64%, for compressive and tensile results respectively, with
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a consistently higher |E*| and lower ¢, indicating an overall more recoverable behavior;
It was visualized an aging effect by comparing results of 45 and 90 days, with a reduction
of the @, suggesting a more recoverable mechanical behavior for higher ages (lower ¢);
An in-depth analysis of the fatigue models resulted in the adoption of two different models,
(i) a linear for M1 and (ii) a bilinear for M2 which fitted the fatigue failure results and also
predicted correctly the points of the interruption criterion (10° cycles with no failure);
The M2 formulation was consistently more resistant and stiffer on the quasi-static behavior,
comparing the experimental data, fatigue models, and endurance limits;

The M2 ELs and damage zones were improved by 19.80%. It implies a material with a
greater bearing [apality to withstand highlr loading 11¥[1s without d[gradation;

The M1 experimental data and fatigue model did not meet the minimum requirements of

the theoretical standard codes, while both aspects for M2 were exceeded.
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S FINAL CONSIDERATIONS AND SUGGESTIONS FOR FUTURE RESEARCH

The primary objective of this study was to investigate the influence of
microstructural aspects and SCMs on the fatigue behavior of cementitious materials, assessing
their impact on fatigue. Fatigue tests in pure tension were also addressed. The results suggested
that this microstructural approach provided additional parameters for the understanding and
investigation of the fatigue, further to the sole characterization through cyclic load resistance.

The results of microstructural analysis such as (i) lower heat of hydration, (ii) denser
cement matrix, (iii) lower cracks incidence, (iv) lower porosity, and improved pores structures
were aligned with the improved results of fatigue resistance, with 19.80% higher endurance
limits. The improvement of fatigue resistance was addressed by gathering the literature
recommendations and the addition of GP and SF, into the proposition of cement formulations,
and then confirmed with pure tension fatigue tests.

The GP (1) demonstrated to have a positive long-term effect on the gain of strength,
contributing to improved stiffness and fatigue resistance (ii) favored the adoption of lower W/B
ratios, (iii) improved the CSH formation, and (iv) contributed to consistently higher |E*| and
lower ¢ in quasi-static characterization, attributing a more elastic and recoverable behavior.

Furthermore, the SF particle directly addressed the cement matrix by fulfilling the
pores structures. There was a (i) drop in the porosimetry up to 61.36% in the mesopores range,
(i1) lower cracks incidence by the SEM images, and (iii) denser CSH formation, presenting a
crystal formation with no visible gaps and cracks. All these mentioned aspects have a proven
positive influence on fatigue and were aligned with the improved resistance found.

Therefore, the proposed methodology succeeded in achieving the primary
objective, demonstrating the relevance of microstructural aspects on mechanic, quasi-static, and
fatigue behavior, highlighting the positive influence of SCM additions on the composites, and
providing an experimental fatigue characterization in pure tension. The following section
summarizes the most relevant considerations from the three articles, relating those findings with

each of the four specific objectives proposed in this MSc thesis.
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5.1 Summary Of Conclusions
5.1.1 Specific Objective 1

To evaluate the potential of GP and SF additions, as potentially beneficial SCMs, in cementi-
tious materials, to improve mechanical aspects, physical parameters, and fatigue behavior fo-

cusing on the influence of the microstructural changes.

- The proposed formulation demonstrated higher modulus, with improvements up to 37%
in the complex modulus for 45 days, which is beneficial for fatigue;

- The proposed formulation, exhibited a 23% modulus increase and lower ¢ in pure
tension from 90 to 120 days, with a more elastic behavior;

- The GP and SF addition demonstrated a lower thermal energy release, which is
beneficial for the hydration products, reducing the formation of early-age cracks;

- According to the TG and porosimetry results, the GP and SF addition improved the CSH
formation and reduced the portlandite and calcite content. This is aligned with the

improved fatigue resistance.
5.1.2 Specific Objective 2

To propose and validate a mechanical characterization method able to assess the viscoelastic-

ity of cementitious materials under cyclic loads for both compression and pure tension.

- The proposed method was able to consistently identify viscoelastic results and yielded
experimental outcomes consistent with the literature on asphalt concrete, cementitious
concrete, grouts and steel specimens;

- On the validation procedure, there was a statistical difference in the characterization of
the |E*| and ¢ under pure compressive and tensile stresses. This indicates a frequency-
dependent behavior, which is consistent with further experimental data in the literature;

- For complex modulus analysis (CMA) results in pure compression and pure tension, the
ANOVA indicated no statistically significant difference in |E*|. However, it was

identified in the ¢ for both formulations in the same scenarios.
5.1.3 Specific Objective 3

To investigate the influences and direct implications of the microstructural aspects on the me-

chanic, quasi-static, and fatigue behavior, while evaluating optimization potentials.
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- The low-heat cement formulations demonstrated to have a lower potential of early-age
cracks or DEF manifestations, which positively impacts fatigu! bl havior;

- The SEM analysis demonstrated a denser and more uniform microstructure. This
resulted in a reduction in pores structures by a factor of 2.5 and a 33% decrease in gap
widths;

- The CSH formation was denser and more compact. It positively impacted the
milrostrulturl /[ ohlsion, rl$ulting in low(t [talk inlid[nTland low[t [oal[$[Th[T]

- The reduction in average porosity and a 61.36% reduction in mesopores range, were
attributed to the improved CSH formation due to the GP and SF addition;

- By comparing the TG results with porosimetry it was reaffirmed that the GP and SF
addition improved the CSH formation and reduced the portlandite and calcite content;

- There was a significant influence of the I'TZ on fatigue, especially concerning the cracks
coalescence, underscoring their importance in durability;

- There was an aging effect on the quasi-static behavior, by comparing the 45-day aging
and the 90-day aging rlsults, pri$nting a mor[ |[lastil blhavior for long agls;

- In summary, the intricate interplay between microstructural aspects, physical
parameters, mechanical behavior and durability, contributes to a more comprehensive

understanding of their behavior under quasi-static and fatigue conditions.
5.1.4 Specific Objective 4

To evaluate the fatigue behavior in pure tension and respective degradation curves by compar-

ing them with the available literature and standard codes.

- By assessing the static elastic modulus results of both formulations there was no
significant difference in the quasi-static loading characterization, presenting converging
confidence intervals between the assessed formulations. However, the CMA results
diverged, showing an average improvement from 8.22% to 24.64% with non-
overlapping confidence intervals in the frequency domain,;

- Concerning the testing observations, the lack of uniformity and variations in the
specimens’ strength level were the most impacting difficulties for the correct assessment
of the fatigue resistance. It led to incorrect results of the number of cycles at failure
diverging from the general aspect of the obtained results;

- The entrained air voids w(r[Jobs tv[d in all ruptur(Is[tions;

- The proposed formulation consistently demonstrated a higher fatigue resistance, and
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improved endurance limits, with a 19.80% increase in those EL 17v[ls;

On the grout application of regular OPC, the fatigue findings did not meet the
requirements based on all three standard codes assessed;

The degradation curves followed the expected behavior described in the literature, with
a discrepancy in the ¢ [urv(s in th[ ST rang!(]

It was demonstrated the importance of the quasi-static characterization. Those methods
provided important additional information on the stiffness behavior for static and quasi-
static loading regimes, which are valuable parameters for fatigue characterizations;
There was a 24.64% improvement in the average modulus of the CMA results which
was near to the improvement of 19.80% in fatigue ELs. This indicates that alterations
in the stiffness behavior directly affect fatigue, whereas the quasi-static characterization

provides additional parameters to corroborate the fatigue findings.

5.2 Future Research Suggestions

In conclusion, this master’s thesis has shed light on the relationship between SCMs’

additions, mechanical behavior and fatigue of cementitious materials. However, there remain

several gaps for future research that can further enhance the understanding of this field.

The fatigue models had to be extrapolated to calculate the endurance limit (EL),

and the EL of M2 was significantly higher due to its particular choice of the bi-linear model.

One way to eliminate this is to perform longer fatigue tests, aiming to exceed 10 million cycles

and be able to confirm if its EL is what was estimated by extrapolation. Moreover, the following

research directions are recommended upon the findings presented:

To investigate further analysis methods to complement the proposed characterization and
quantify degradation over time (accounting for energy dissipation, self-heating effect and
damage calculation), providing more robust models concerning fatigue damage analysis;
To explore the effect of loading amplitudes and temperature on mechanical behavior,
providing insights into stress variations and thermal d[gradation ov/(t thl lylars;

To review the current standard regulations on fatigue assessments of cementitious
materials, with an aim to incorporate quasi-static characterizations, thereby providing a
more comprehensive characterization beyond the usual assessments;

To perform durability tests to substantiate the claims of improved resistance to pathological

manifestations, assessed by related experimental results.
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These future research endeavors will contribute to a more comprehensive
assessment of long-term structural performance, guiding the development of materials with
tailored properties while considering sustainability factors.

In summary, future research undertakings should strive to bridge the gaps, improve
testing protocols and advance the understanding of crucial aspects like stiffness and fatigue
behavior, addressing the influence of the microstructure and SCMs.

These efforts will undoubtedly contribute to the continued development of more
durable and sustainable materials and structures. Finally, the differences addressed are feasible
for further investigations providing valuable knowledge for improvement in the fatigue and

quasi-static behavior.
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