CENTRO FEDERAL DE EDUCAGAO TECNOLOGICA DE MINAS GERAIS -
CEFET-MG
DEPARTAMENTO DE ENGENHARIA CIVIL
PROGRAMA DE POS-GRADUAGCAO EM ENGENHARIA CIVIL

BRUNO ATHAIDE BACELAR

Durability and environmental impacts of low cement UHPC

Belo Horizonte
2025






BRUNO ATHAIDE BACELAR

Durability and environmental impacts of low cement UHPC

Tese de Doutorado apresentada ao Programa de
Pos-graduagcdo em Engenharia Civil do Centro
Federal de Educagado Tecnoldgica de Minas Gerais
como requisito parcial para obtencdo do titulo de

Doutor em Engenharia Civil.

Orientador: Prof. Dr. Péter Ludvig

Coorientadora: Prof. Dra. Andrea Kustermann

Belo Horizonte
2025



Bacelar, Bruno Athaide
B117d Durability and environmental impacts of low cement UHPC / Bruno Athaide
Bacelar. — 2025.
151 f. : il., grafs, tabs., fotos.

Tese apresentada ao Programa de Pos-Graduagdo em Engenharia Civil.

Orientador: Péter Ludvig.

Coorientadora: Andrea Kustermann.

Bibliografia: f. 131-145.

Tese (doutorado) — Centro Federal de Educacao Tecnoldgica de Minas Gerais,
Departamento de Engenharia Civil.

1. Concreto de alta resisténcia — Teses. 2. Materiais de construgao — Testes —
Teses. 3. Ciclo de vida do produto — Avaliagao — Teses. 4. Materiais de construgao
— Vida util — Teses. 5. Produtos de baixo carbono — Teses. I. Ludvig, Péter.

II. Kustermann, Andrea. III. Centro Federal de Educagao Tecnologica de Minas
Gerais. Departamento de Engenharia Civil. I'V. Titulo.

CDD 624.1834

Elaboragao da ficha catalografica pela bibliotecaria Jane Marangon Duarte, CRB 6* 1592 /
Cefet/MG




DEDICATORIA

Antes de tudo, agradego a minha mée por tudo suporte e incentivo dados para
que eu estudasse. Nao estaria terminando um Doutorado sem sua determinag&o. Ao
meu pai, que sempre esta presente em meus pensamentos.

Agradegco ao meu orientador, o professor Péter Ludvig, por todos os
ensinamentos nos ultimos 7 anos e pela paciéncia com os desafios enfrentados
nesses anos de pesquisa. Foi uma grande honra poder trabalhar com vocé. As
professoras do PPGEC Junia e Hersilia por todas as conversas e ensinamentos nos
ultimos anos e por serem grandes referéncias profissionais.

Agradeco também &s amizades que fiz durante meu tempo no PPGEC. A
Fernanda, por ser uma das minhas pessoas favoritas do mundo e quem ja néo sei
mais viver sem. A Isabela, por todos os anos de amizade e companhia. Ao Thiago,
pelo apoio quando entrei no Mestrado e pelo companheirismo nos dias cansativos de
laboratério durante nossas pesquisas do Doutorado. Agradego também pelo apoio de
Elvys, Laisa, Elayne, Eduarda, Flavia e Rafaela.

A Camila, minha psicéloga, pelas conversas e pelo suporte durante todos esses
anos.

Agradeco também ao lvan, por tudo que me ensinou nos laboratérios nos
ultimos anos. Aos colegas André, Lucas e Isabela pelo apoio no laboratério.

Aos amigos e professores do PPGEC que nao foram citados, mas foram
importantes na minha trajetoria.

As melhores pessoas, pelo acolhimento e carinho.

Agradeco os amigos Expedito e Adriano, pela companhia em Munique.

Agradeco a Hellen por estar ao meu lado durante o Doutorado, pelas centenas
de horas de ligagao de video durante minha estadia em Munique e por todo amor que

tenho recebido.






ACKNOWLEDGMENTS

| would like to thank Professors Andrea Kustermann and Thorsten Stengel for
the support and guidance | received during my stay in Munich. To Toni Pollner, for all
the help and support with materials and tests. This couldn’t have happened without his
support. To Andre Strotmann, for all the months we shared the same office, exchanged
thoughts on UHPCs, and shared some beers at K6. To Christiane Richter, for her
kindness and company, and specially for a very musical christmas together.

To Christian Bossl, his wife, Kinka, and their daughter, Franzi, for their kindness
in helping me get to Munich.

To Jan Naumann and Stefanie Keileberg, my flatmates. I'm very happy that |
got to meet you, even though | wasn't around our home as often. It was great hanging
out with you, especially during our cooking evenings and spiced Brazilian drinks.

To Cordula Burtscher for all the support for my arrival and initial adaptation in
Munich and at the Hochschule Munchen.

To all colleagues from the Hochschule Minchen.






RESUMO

As mudancgas climaticas tém sido uma grande preocupag¢do para a sociedade, e a
industria da construgao civil € uma das principais responsaveis, devido as elevadas
emissdes de gases de efeito estufa e a extragcao de recursos naturais, especialmente
em fungdo do consumo de cimento. O papel do setor torna necessaria a adogao de
solugdes mais sustentaveis. Nesse contexto, o Concreto de Ultra-Alto Desempenho
(UHPC) apresenta um forte potencial como material sustentavel. Os UHPCs sao
materiais inovadores com propriedades mecanicas excepcionais, com resisténcia a
compressao superior a 120 MPa e alta durabilidade, o que possibilita a constru¢ao de
estruturas mais leves e duraveis, reduzindo os impactos ambientais de novas
estruturas de concreto. Entretanto, tais propriedades sao alcangadas por meio do uso
de elevadas quantidades de cimento (~800 kg/m?3), o que é um obstaculo para a sua
classificagdo como material sustentavel. Dessa forma, a redugao do teor de cimento
€ necessaria para mitigar os impactos ambientais dos UHPCs. Diversos estudos tém
buscado desenvolver UHPCs com menor conteudo de cimento, entretanto, a
substituicdo do cimento costuma ser limitada a cerca de 30% devido aos efeitos
negativos nas propriedades mecanicas do material. Assim, sdo necessarios estudos
voltados a producdo de UHPCs com baixo teor de cimento em taxas de substituicao
mais elevadas. Como consequéncia, a durabilidade dos concretos pode ser reduzida
quando se utilizam materiais cimenticios suplementares, o que também afeta a vida
util das estruturas de UHPC. O presente estudo teve como objetivo produzir UHPCs
com baixo teor de cimento com taxas de substituicido superiores as médias relatadas
na literatura. Para isso, foram selecionados materiais com diferentes caracteristicas,
a fim de avaliar possibilidades de dosagem: filler calcario (FC), escoria granulada de
alto forno (EGAF) e cinza da casca de arroz (CCA). Foram realizados ensaios de
resisténcia a compressao, resisténcia a flexdo e modulo de elasticidade para a
caracterizagao mecanica dos UHPCs. A durabilidade foi avaliada por meio de ensaios
de carbonatacdo acelerada, migragao rapida de cloretos, resistividade elétrica e
absorcado de agua. Com base nos resultados obtidos, a vida util dos concretos foi
estimada por meio de modelos pré-existentes, considerando diferentes espessuras de
cobrimento. Por fim, uma Avaliacdo do Ciclo de Vida (ACV) foi conduzida para estimar
os impactos ambientais das misturas produzidas, analisando o potencial sustentavel
dos UHPCs de baixo teor de cimento e comparando os valores obtidos com os de
concretos convencionais. A ACV também permitiu comparar as diferencas dos
impactos ambientais dos UHPCs produzidos no Brasil e na Alemanha. Foi possivel
desenvolver UHPCs com baixo teor de ligante com substituicdo de cimento por filler
calcario de até 40% e UHPCs com substituicdo de cimento por EGAF e CCA de até
80%. Das 18 misturas produzidas, apenas uma nao atingiu a resisténcia minima de
120 MPa. Em relagao a durabilidade, nao foi detectada carbonatacdo apés um ano de
ensaio e os testes de migragao rapida de cloretos indicaram redug¢des nos coeficientes
de difusdo. O aumento da durabilidade resultou em maiores vidas uteis para os tracos
de UHPC, alcangando 150 anos. Por fim, a ACV revelou que, apesar dos altos valores
de reducgao de cimento, os impactos ambientais dos UHPCs continuam superiores aos
dos concretos convencionais. Sendo assim, uma comparacao direta entre os
concretos pode nao ser precisa, devendo considerar as propriedades mecanicas e de
durabilidade superiores dos UHPCs, considerando o projeto das estruturas e a analise
de eficiéncias de cimento e de carbono.

Palavras-chave: UHPC, Durabilidade, Vida util, ACV, Concretos de Baixo Carbono






ABSTRACT

Climate change has been a significant concern for our society, and the construction
industry is one of the primary contributors, with high greenhouse gas emissions and
resource extraction, primarily due to the production of cement. The primary role played
by the construction industry creates the need for it to find and adopt greener solutions.
Ultra-High Performance Concrete (UHPC) has a strong potential as a greener material.
UHPCs are novel materials with outstanding mechanical properties, possessing
compressive strengths higher than 120 MPa and durability properties, which make it
possible to produce lighter and more durable constructions, reducing the
environmental impacts of new concrete structures. However, such properties are
achieved by using a high cement content, in the order of 800 kg/m3, which poses an
obstacle to considering UHPCs as eco-friendly materials. Thus, reducing the use of
cement is necessary to mitigate the environmental impacts of UHPCs. Many studies
have produced UHPCs with reduced cement content. However, cement substitution is
typically limited to a maximum of 30% due to adverse effects on mechanical properties.
Studies focusing on the production of low cement UHPCs with higher cement
replacements are needed. As a consequence, the durability of conretes can be
compromised when SCMs are used, which will also affect the service life of UHPC
structures. This study aimed to produce low cement UHPCs with cement substitution
rates higher than the average values reported in the literature. For this, materials with
different characteristics have been selected to assess the various possibilities for
UHPC production: Limestone Powder (LP), Ground Granulated Blast Furnace Slag
(GGBFS), and Rice Husk Ash (RHA). Compressive Strength, Flexural Strength and
Elastic Modulus tests have been performed to characterise the mechanical properties
of the UHPCs. Accelerated Carbonation, Rapid Chloride Migration, Electrical
Resistivity, and Water Absorption tests have been conducted to characterise the
durability properties of the UHPCs produced. As a consequence, the service lives of
UHPCs were calculated using existing models with different cover depths. Finally, a
Life Cycle Assessment (LCA) was conducted to evaluate the environmental impacts of
the UHPC mixtures produced, assessing the green potential of low cement UHPCs
and comparing the obtained values with those of conventional and high-strength
concretes. This research was conducted in collaboration with the Munich University of
Applied Sciences over a 10-month period, from 2023 to 2024. The LCA also
determined the differences in environmental impacts of UHPCs in Brazil and Germany.
It was possible to produce low binder UHPCs with cement replacement by LP up to
40% and low cement UHPCs with cement replacement by GGBFS and RHA up to
80%. From the 18 mixtures produced, only one did not achieve the minimum
requirement of 120 MPa for UHPCs. Regarding durability, no carbonation was
detected after 1 year of accelerated carbonation testing. Rapid chloride migration tests
revealed reductions in the diffusion coefficient. The increased durability resulted in
higher service lives for UHPC mixtures, with calculated values of 150 years. Finally,
the LCA revealed that, despite the significant reductions in cement, the environmental
impacts of UHPCs are still higher than those of conventional concretes. Thus, a direct
comparison between the different materials might not be precise, and the higher
mechanical and durability properties should be taken into account when analysing
UHPCs, considering the design of structures or the consideration of cement and
carbon efficiencies.

Keywords: UHPC, Durability, Service Life, Life Cycle Assessment, Low Carbon
Concretes.
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1 INTRODUCTION

The construction industry is a significant contributor to environmental impacts,
with a substantial volume of mineral extraction and high levels of greenhouse gas
emissions, which are a primary cause of climate change. The construction industry
accounts for 21% of global greenhouse gas emissions (Cabeza et al., 2022). This
relevance in the total values of environmental impacts is caused by the extensive use
of concrete and cement in buildings, as these materials are associated with high
carbon emissions and resource consumption. (Bashmakov et al., 2022).

A significant portion of studies on environmental impacts in the construction
industry focuses on thermal comfort in buildings. It is necessary to develop more
research on the environmental impacts of structures and embodied emissions, as
these factors contribute significantly to the overall carbon footprint of the construction
industry, but are often overlooked compared to the operational energy use (Cabeza et
al., 2022).

Three alternatives can be approached in studies on sustainable use of
concretes: (1) optimization of the composition of concrete, reducing environmental
impacts without negatively affecting its life cycle performance; (2) reduction of
environmental impacts of concrete life; (3) optimization of the service life of structures
to reduce environmental impacts (Muller; Haist; Vogel, 2014).

An alternative method to reduce the environmental impacts of the construction
industry is to increase the characteristic compressive strength (fek) of concrete
(Bacelar; Dias; Ludvig, 2022; Bashmakov et al., 2022; Habert et al., 2012; Mehta,
2009). It is possible to reduce environmental impacts in the production by up to 10%
when fe increases in buildings (Bacelar; Dias; Ludvig, 2022).

Ultra-High Performance Concrete (UHPC) is a concrete made of finer materials,
high particle packing, low porosity and low water/binder ratio, giving the material
exceptional mechanical properties (compressive strength = 120 MPa) and durability
(Abbas; Nehdi; Saleem, 2016; Soliman; Tagnit-Hamou, 2017c). UHPCs have been
used in the production of concrete structures since 1997, with the construction of a
prestressed footbridge in Sherbrooke, Canada (Blais; Couture, 1999).

In terms of durability, the low water/binder ratio and, consequently, lower
porosity of the material, allow the UHPC to be more resistant to damage from exposure

to chloride and sulphate attacks and to have a lower water absorption (Alkaysi et al.,
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2016; Gu; Ye; Sun, 2015; Shi et al., 2015; Zhong; Wille; Viegas, 2018). Considering
these characteristics, the application of UHPCs in harsh environments may be a cost-
effective solution. The superior mechanical and durability properties of UHPCs are
attributed to the high cement consumption, which is approximately 900 kg/m* (Abbas;
Nehdi; Saleem, 2016; Mosaberpanah; Umar, 2019; Wang; Yao, 2021). The use of
cement is the leading cause of environmental impacts in concretes (Bacelar; Dias;
Ludvig, 2022). Therefore, in a first analysis, the large volume of cement results in
greater environmental impacts of UHPCs than conventional concretes (Bacelar, 2020;
Randl et al., 2014; Sameer et al., 2019). These studies on the environmental impacts
of UHPC and the life cycle assessment (LCA) of the material found in the literature are
mostly related to the material production process, evaluating the production per cubic
meter or the reductions in the environmental impact of UHPCs produced with partial
replacement of cement with supplementary cementitious materials (SCMs) (Abdellatief
et al., 2023; Du et al., 2022; Kong; Kurumisawa; Chu, 2022; Wei et al., 2020; Xia et
al., 2023).

The higher strength of UHPCs enables the construction industry to design and
build larger projects with more efficient cross-sections, consequently consuming less
material and reducing environmental impacts. When performing a life cycle
assessment (LCA) for the production of UHPC structures from cradle to gate (Bacelar,
2020; Ji et al., 2022), or from cradle to construction site (Sameer et al., 2019), it is
observed that UHPC reduces the environmental impacts of a structure compared to
conventional concrete.

Producing greener UHPCs is essential to increase the use and reduce the cost
of UHPCs and a growing interest in this subject is noticed in the literature. In the last
decade, the number of research projects developing more sustainable UHPCs and

studying their properties has increased, as shown in Figure 1.1.
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Figure 1.1 — Research on sustainable UHPC over the years
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According to Janjua, Sarker and Biswas (2019), eco-friendly strategies in the
construction industry, such as more sustainable concrete, are only effective if they
align with the service life of the construction. Considering the better durability of UHPC
and the potential to increase the lifetime of a structure built with the material, the higher
durability is another favourable aspect of UHPCs. This higher durability of UHPCs can
reduce the need for repairs and result in structures with higher lifespans. This longer
service life reduces the need for maintenance and delays the need for demolition and
construction of new structures.

However, the lower cement content of more sustainable UHPCs and the high
volume of SCMs can be detrimental to the durability of the material, increasing the
likelihood of corrosion. Thus, it is necessary to study the performance of low cement
UHPCs and to determine the lifespan that is achievable with the material.

This research studies the mechanical properties, durability and service life of
low cement UHPCs. Limestone powder (LP), ground granulated blast-furnace slag
(GGBFS), and rice husk ash (RHA) were used as replacements for cement in the
UHPC, ensuring that all the mixtures produced had compressive strengths higher than
120 MPa. A life cycle assessment (LCA) was performed to quantify the environmental
impacts of UHPC in Brazil and Germany. Durability tests were conducted to evaluate
the performance of the low cement UHPCs under aggressive environments. Finally,

the service life of low cement UHPC was determined.
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1.1 OBJECTIVES

1.1.1 General Objective

The primary objective of this thesis was to develop low cement UHPCs and

evaluate their performance in terms of durability and environmental impact.

1.1.2 Specific objectives

The specific goals of this research are:

e To compare the impact of different SCMs on the mechanical properties,
durability properties and environmental impacts of UHPCs ;

e To study the influence of cement reduction on the durability of UHPCs;

e To determine the service life of UHPCs and low cement UHPCs;

e To quantify the environmental impacts of UHPC and low cement UHPCs;

e To determine the differences in the environmental impacts of producing

UHPCs in different countries.
1.2 LIMITATIONS OF THE STUDY

This study is limited to the study of UHPCs. Ultra-High Performance Fiber
Reinforced Concretes (UHPFRC) are not present in the scope of this study.

The study of UHPC durability did not consider the combined effects of
carbonation and chloride ion penetration on the material. The effects were studied
individually.

This research considered only chloride ion migration for the service life model,
as the carbonation model requires the natural carbonation of UHPCs, which, even with
low cement consumption, would take years to achieve, making it incompatible with the
average duration of a PhD in Brazil (4 years).

The equations used for the service life models were created for conventional
concretes. Therefore, parameters such as ageing factor, which consider the water-

binder ratio and type of cement, are not precise for UHPCs
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1.3 ORIGINAL CONTRIBUTIONS

The research presented in this thesis developed UHPC formulations with low
binder and low cement contents, thereby reducing overall cement consumption to
under 200 kg/m?* of UHPC while maintaining mechanical performance.

This research explores three different cement substitutions: for unreactive filler
material, for common SCM and for uncommon, less explored SCM. Low cement UHPC
mixtures were produced with a cement content of under 200 kg/m* and mechanical
properties at the same level as those of UHPCs with regular cement content.

Furthermore, this study presents novel UHPC formulations that combine
different materials produced on two continents. This comparison highlights the
technical challenges associated with UHPC production across different regions.
Moreover, in addition to producing UHPC mixtures with reduced cement content, this
research examines the effects of low cement content and strength development to
understand the technical feasibility of the material.

In summary, this thesis advances sustainable UHPC development by balancing
reduced cement content with considerations of mechanical performance, durability,
and environmental impact. It provides novel low cement UHPC formulations, improved
durability testing, and service life estimations, while addressing regional differences in
production. The research significantly contributes to optimizing UHPCs for greener

construction without compromising their mechanical and durability properties.
1.4 STRUCTURE

Chapter 2 provides an overview of UHPC production, covering materials, mix
design methods, environmental impacts of various UHPC mixtures from the literature
and developments in low cement UHPC.

Chapter 3 presents the materials and methods used to develop this research.

Chapter 4 presents the results regarding the mechanical and durability
properties of low binder UHPC developed in Germany, with cement replacement by
limestone powder.

Chapter 5 presents the mechanical and durability properties of UHPC
developed in Brazil, substituting cement with conventional (ground granulated blast
furnace slag) and unconventional (rice husk ash) SCMs.
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Chapter 7 presents the service life design for chloride ingress in UHPC and low
UHPC mixtures developed in Brazil and Germany during the research.

Chapter 7 presents the environmental impacts of the UHPC mixtures produced
in Chapters 4 and 5. Additionally, this chapter compares the environmental impacts of
UHPC mixtures in Germany and Brazil, taking into account the technical differences
between the two countries.

Chapter 8 presents the conclusions and recommendations for future work.
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2 LITERATURE REVIEW
2.1 MATERIALS FOR UHPC PRODUCTION

To achieve higher mechanical properties, the mixtures of UHPCs are designed
with an extremely low water/binder ratio, usually 0.20, which increases the demand for
using superplasticizing admixtures.

The production of UHPCs does not have predetermined materials. In concrete,
different combinations of cement, sand and gravel are used. For UHPC, it is usually
made of a mixture of cement, mineral addition (commonly silica fume), aggregates
(usually quartz sand) and filler material (usually quartz sand) with a maximum size of
600 pym (Vatannia; Kearsley; Mostert, 2020; Zou et al., 2022). The materials and

proportions used influence the mechanical and rheological properties of UHPC.

2.1.1 Mineral additions

Silica fume (SF) or microsilica (MS) is very commonly used as a mineral addition
to produce UHPCs. Its pozzolanic properties help to develop the mechanical properties
of UHPCs (Hakeem; Althoey; Hosen, 2022). Silica fume is an excellent material, and
its particles can fill the micro gaps between the cement particles, helping to create a
denser microstructure (Soliman; Tagnit-Hamou, 2017b). This filling effect does not
occur when densified SF is used, as the cement particles are much smaller than the
SF agglomerates (Xi et al., 2022). In addition to that, agglomerates will not stop SF
from chemically reacting with concretes (Diamond; Sahu, 2006).

The spherical shape of SF particles improves the rheology of UHPCs (Tahwia;
Elgendy; Amin, 2022; Xi et al., 2022). However, the water demand also increases with
the higher content of SF, leading to a higher viscosity of UHPC and increasing the
demand for superplasticizer.

The addition of SF to UHPC increases the cost of UHPC (Hakeem; Althoey;
Hosen, 2022). Additionally, if SF is considered a ferrosilicon byproduct and not a waste,
it could also have greater environmental impacts. The use of SF in UHPC results in
higher compressive strengths in addition of 20% (Bakhbergen et al., 2022).

Silica fume is a pozzolanic material that reacts with Ca(OH)2 to create additional
CSH. This reaction uses water, and the water content in UHPCs is extremely low.
Thus, the addition of SF might not increase the compressive strength of UHPC
(Bakhbergen et al., 2022). In addition to that, only a fraction of SF is hydrated in the
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UHPC matrix. Thus, a significant portion of the material serves as a filter (He et al.,
2021). Based on this, other mineral admixtures are being studied to make UHPCs more
affordable.

For example, fly ash (FA) can serve as a mineral alternative to SF. It is possible
to replace 60% of SF with FA without reducing the compressive strength and the
workability of UHPCs. The replacement of SF by FA is also beneficial for the durability
of UHPCs. The replacement of 60% of SF by weight results in a reduction of around
11% in the penetration results of ion chloride (Hakeem; Althoey; Hosen, 2022).

Metakaolin is another material that can replace SF in UHPCs. Replacement of
SF by MK is possible up to 40% by weight of SF. For this value, better performances
can be obtained in compressive strength, penetration of ions, and sulphate attacks
(Hakeem; Althoey; Hosen, 2022). The rheological properties must be observed when
MK is used in UHPCs. The particles of MK are porous and non-spherical, which
compromises the workability of UHPCs (Abellan-Garcia; Santofimio-Vargas; Torres-
Castellanos, 2020).

Glass powder (GP) as a replacement for SF is viable for replacement rates of
up to 50%. The higher compressive strength is obtained at a rate of 30% of GP
replacement SF. SF has a high demand for water and superplasticizers due to its high
surface area. Therefore, by reducing the SF content, it is possible to obtain a better
dispersion of the particles in the mixture, which accelerates the hydration process and
increases the compressive strength (Soliman; Tagnit-Hamou, 2017b). The addition of
GP with a maximum particle size of 300 um could potentially mitigate the alkali-silica
reactions in UHPCs (Ke et al., 2018)

Table 2.1 shows other materials used as replacements for SF, as found in the
literature. The table lists the materials used to replace silica fume and their

recommended replacement rates.
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Table 2.1 — Silica Fume substitution

Material Study Substitution Observations

Hakeem, Althoey and Hosen ( Lower workability

Fly Ash 2022) 60% Lower mechanical
Game et al. (2022) properties
Hakeem, Althoey and Hosen
(2022) Higher mechanical

Metakaolin Abellan-Garcia; Santofimio- 40% properties
Vargas and Torres- Lower workability
Castellanos (2020)

Glass Soliman and Tagnit-Hamou 50% Higher mechanical

properties

powder (2017b) Higher workability

2.1.2 Aggregates

In terms of aggregates used in the production of UHPC, different types of sand
are studied in the literature, such as river sand (Wang et al., 2018), quartz sand
(Rajasekar; Arunachalam; Kottaisamy, 2019), river sand (Dong et al., 2020) and glass
sand (Jiao et al., 2020). Different types of sand affect workability due to their grain
shapes. In addition to the advantages of casting UHPCs, good workability reduces
crack distribution in UHPCs and increases compressive strength (Jiao et al., 2020).

The high volume of sand in UHPC mixes and the high consumption of mineral
resources are concerns that have led to studies aimed at assessing the feasibility of
replacing sand with other materials. Additionally, exposure to fine particles of quartz
sand is a risk regarding the development of silicosis (Li et al., 2024a) and potential for
cancer (Soliman; Tagnit-Hamou, 2017a). Materials such as RCA and CRCA (Leng et
al., 2023), gold tailings (Ahmed et al., 2021d; Wang et al., 2022), copper slag
(Rajasekar; Arunachalam; Kottaisamy, 2019), cathode ray tubes (Wei et al., 2020),
expanded perlite (Wang et al., 2021b) and others are researched in the literature for
sand replacement.

The use of recycled coarse aggregates (RCA) as sand replacement in UHPC is
documented in some studies (Leng et al., 2023; Mohammed; Hama; Aziz, 2019; Roig-
Flores et al., 2022; Yu; Huang; Ding, 2019). The higher porosity of RCA results in
higher water absorption, which can reduce workability. The higher porosity also
reduces the set time and compressive strength of the UHPC and increases the
migration of chloride ions (Leng et al., 2023; Mohammed; Hama; Aziz, 2019). This
could be mitigated by carbonating RCA, resulting in carbonated recycled coarse

aggregates (CRCA).
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The use of CRCA increases the flowability of UHPC. The increase in flowability
using RCA is attributed to the reduction in porosity resulting from the formation of
chemically stable calcite during the carbonation process, which is deposited within the
pores of the paste. Reduction of porosity reduces water absorption, resulting in a better
transition zone between the cement paste and aggregate. This denser structure of the
CRCA also results in increased compressive strength and increased durability (Leng
et al., 2023).

The ideal rate of sand replacement by RCA is found to be between 15% and
25%. In this range of sand replacement, it is possible to improve the mechanical
properties of UHPCs. Despite that, the high porosity leads to a higher demand for water
and superplasticizer. Regarding autogenous shrinkage, a slight increase is observed
(Mohammed; Hama; Aziz, 2019; Wang et al., 2019b).

Gold tailings are an alternative to sand that can reduce the environmental
impacts of sand extraction. An optimal proportion of 60% of the replacement of the
sand by gold tailing is found without negatively affecting the mechanical properties of
UHPCs (Ahmed et al., 2021d; Wang et al., 2022).

It is possible to achieve compressive strengths exceeding 150 MPa when sand
is replaced by copper slag with a maximum size of less than 600 um, with replacement
rates of up to 40%. The use of copper slag reduces water absorption, porosity, and
sorptivity of water of UHPCs, thus increasing the durability of the material (Rajasekar;
Arunachalam; Kottaisamy, 2019).

Granite waste (GW) enhances the compressive strength, flexural strength, and
water absorption of UHPCs, and can be used in substitution rates of up to 30%. At
40%, a significant decrease in mechanical properties is observed. The larger surface
area of GW explains this. At a 40% substitution rate, the cement paste is not enough
to cover the aggregates, increasing porosity, which reduces mechanical properties and
increases water absorption (Savadkoohi; Reisi, 2020).

Glass sand (GS) can be used as a replacement for quartz sand in rates up to
100%, with 75% being the ideal replacement rate. The smoother glass shape of GS
makes the material less porous than that of silica sand, increasing the workability of
UHPCs. At a 100% rate, the workability increases so much that the bond between the
aggregates is reduced (Jiao et al., 2020).

Table 2.2 presents all the materials found in the literature for application as fine

aggregate in UHPCs.
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Material Study Substitution Observations
Leng et al. (2023) Higher compressive strength;
Mohammed; Hama; Aziz, (2019) Higher autogenous shrinkage.
R led t 209
ecycled aggregates  poig-Flores et al. (2022) % Lower workability
Yu; Huang; Ding (2019) Lower durability
Increased compressive strength in relation to
Carb d led natural aggregates;
aggrrgg:tt:s recycle Leng et al. (2023) 100% Possibility of carbon uptake;
Lower porosity and water absorption in
relation to RCA,;
Gold tailings Ahmed et al. (2021d) 60% 3:922; zo:t]tri)r:estsei::ilset;et:e?;h;th-
g Wang et al. (2022) ° gnher spiiting g
Lower workability.
Glass powder Mohammed; Awad; Aboud (2020) 20% Higher compressive strength;
High i fl I h;
Granite waste Savadkoohi; Reisi (2020) 30% 'gher compressive and flexural strength;
Lower water absorption;
Higher compressive strength;
Glass sand Jiao et al. (2020) 100% Higher workability;

Lower crack distribution
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2.1.3 Cement substitution

As mentioned previously, SCMs are widely used to reduce the high cement
content of UHPCs. The addition of SCMs can reduce the workability of UHPCs. Due
to the higher surface area, a large amount of water is absorbed into the UHPC matrix,
reducing the spread in flow table tests (Hakeem; Althoey; Hosen, 2022). SCMs can
also increase the risk of carbonation in concretes due to the depletion of the alkaline
reserve (Matos et al., 2021).

Fly ash (FA) is one of the common materials used in UHPC to reduce the
cement content (Dong et al., 2020; Kareem et al., 2022; Shi et al., 2021b). The addition
of FA increases the flowability of UHPC, without affecting the compressive strength of
replacements by up to 20% (Dong et al., 2020; Ferdosian; Camdes; Ribeiro, 2017;
Kareem et al., 2022; Tahwia; Elgendy; Amin, 2022). The particle size of FA is smaller
than that of cement, making it possible for them to fill the gaps between the cement
particles, densifying the microstructure of the UHPC (Dong et al., 2020; Hasnat;
Ghafoori, 2021). Furthermore, the spherical shape of the particles increases the
workability of UHPCs (Tahwia; Elgendy; Amin, 2022)

Ground Granulated Blast Furnace Slag (GGBS) is a by-product produced in the
steel industry and used as a cement replacement in UHPCs. The addition of GGBS
results in a reduction in flowability in UHPCs. This is caused by the irregular shape of
the particles, making movement difficult and negatively affecting the performance of
the work (Tahwia; Elgendy; Amin, 2022). The replacement of cement with GGBS can
be carried out in proportions of 15% to 30% to maintain the mechanical properties of
the material (Ahmed et al., 2021b; Dixit; Du; Pang, 2021; Randl et al., 2014).

Rice husk ash (RHA) is an agricultural waste from the burning of rice husk. It
has been found in literature that cement substitution by RHA is carried out in
percentages ranging from 10% to 30%, with compressive strengths greater than 120
MPa. Due to their porous structure, the RHA particles may absorb free water in the
mixture and then release it during the cement hydration process, increasing the degree
of hydration of the blended cement. In addition to that, RHA can store water in its pores,
allowing for lower water-to-binder ratios, which can result in higher compressive
strengths and lower autogenous shrinkage, without reducing workability (Stults et al.,
2010; Van Tuan et al., 2011a; Ye; Van Tuan; Huang, 2013; Ye; Nguyen, 2012).
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However, the efficiency of RHA as a pozzolan can be reduced at water-binder ratios
greater than 0.20.
Table 2.3 summarizes the SCMs used in UHPCs.



Table 2.3 — Supplementary cementitious materials

32

Material

Articles

Substitution

Observations

Fly Ash

Randl et al. (2014)

Du et al. (2022)

Tahwia; Elgendy; Amin (2022)
Kareem et al. (2022)

Shi et al. (2021b)

Dong et al. (2020)

Ferdosian; Camdes; Ribeiro (2017)

Yu; Spiesz; Brouwers (2015)
Tahwia; Elgendy; Amin (2021)
Ha et al. (2022)

Zhang; Zhao; Li (2017)

Shi et al. (2021a)

Abellan Garcia et al. (2021)

20%

Higher workability;

Higher compressive strength.
Lowe autogenous shrinkage.

Ground granulated blast
furnace slag

Randl et al. (2014)

Tahwia; Elgendy; Amin (2022)
Ahmed et al. (2021b)

Kim; Koh; Pyo (2016)

Ha et al. (2022)

Shi et al. (2021a)

Ganesh; Murthy (2019)

30%

Lower water absorption;
Higher workability;
Higher durability;
Comparable shrinkage;
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Material

Articles

Substitution

Observations

Glass powder

Kareem et al. (2022)

Soliman; Tagnit-Hamou (2016)
Chu et al. (2022)

Lu et al. (2022)

Ahmed et al. (2021c¢)

15% to 20%

Increases workability;
Accelerated hydration.

Limestone powder

Li et al. (2019b)

Kim; Koh; Pyo (2016)

Yu; Spiesz; Brouwers (2015)
Yang et al. (2020b)

Li et al. (2020Db)

Hernandez-Carrillo; Duran-Herrera;
Tagnit-Hamou (2022)

Ding et al. (2021)

30% - 50%

Lower compressive strength;
Higher workability;

Lower autogenous shrinkage;
Delays the hydration process;

Rice husk ash

Ha et al. (2022)
(Van Tuan et al. (2011a)
Stults et al. (2010)

10% - 20%

Higher water demand;
Lower autogenous shrinkage.

Metakaolin

Amin; Tayeh; Agwa (2020)

30%

Lower workability;
Same compressive strength;
Reduced porosity.
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2.2 MIXDESIGN

Different mix design models can be used to produce UHPCs. The models used
can be based on the particle packing of the mixture (discrete models or continuous
models), statistical models, or machine learning models. UHPCs are defined by their
higher particle packing. For this reason, particle packing methods are the most
commonly used in the mix design of UHPCs.

The linear packing density model for grain mixtures (De Larrard; Sedran, 1994;
Stovall; De Larrard; Buil, 1986) was the first particle packing model used to optimize
the production of UHPCs. Later, this model was refined to a new version, the
compressible packing model (CPM) (De Larrard, 1999). The CPM is a discrete model
that represents the individual solid components of the UHPC mixture, but it has low
precision for fine particles. Furthermore, discrete models use the idealized size of the
particles and do not represent the actual particle distribution in concretes (Dinggiang
et al., 2020; Wang et al., 2022, 2019a; Yu; Spiesz; Brouwers, 2015).

The CPM is given by Equation 1.

=1 [1 — Bi + by ( >] Vi — I [ E]’Bl] v, (1)

vi/Bi
= zK 1/p —1/v; @

Where vy is the virtual packing density, Biis the residual packing density, yj is the

Y =%

volume fraction, aj is the loosening effect, bjj is the wall effect, K is the compaction
index and ¢ is the real packing density.

As an alternative, continuous models consider that all particle sizes are present
in the mixture size distribution, with a more realistic representation of the packing and
are more adequate for concretes (Dingqgiang et al., 2020; Wang et al., 2019a; Yu;
Spiesz; Brouwers, 2015).

The modified Andreasen and Andersen (MAA) particle packing model (Funk;
Dinger, 1994) is the most widely used method for the design of UHPC mixes. This
continuous model is based on the Fuller curve and was developed to optimize the
particle packing of concretes (Dinggiang et al., 2020). The MAA model is presented in
Equation 3.
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D1 _quin
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Where D is the particle size, Dmin is the minimum particle size of the materials,
Dmax is the maximum particle size of the materials, and q is the distribution modulus,
the proportion between the coarser and the finer materials. In the literature, the values
of q range from 0.17 to 0.37 (Ragalwar et al., 2020). The ideal value of q is found to
be 0.23 to produce denser UHPCs (Muller; Haist; Vogel, 2014; Qian et al., 2020;
Ragalwar et al., 2020). For compressive strength, a range from 0.17 to 0.19 is
recommended. Higher values of g will result in coarser mixes, and lower values will
result in finer mixes of UHPCs. It is important to note that mixes with lower values of q
have a larger surface area of the UHPC mix, which reduces workability (Wang et al.,
2022, 2021c).

The modified Andreasen and Andersen model is often used together with the
statistical least squares method (LSM). In this method, different proportions of
materials are evaluated, and the distribution curves are plotted for comparison with the
particle-packing model. The MAA particle packing curve serves as a regression model
for the distribution of particle sizes in UHPC powders. A value of the coefficient of
determination (R?). R? evaluates the quality of the regression, with values ranging from
0 to 1. An R?value closer to 1 indicates a good model (Montgomery; Runger, 2014).
The R? value is given by Equation 4:

_ L —9)*
X =)+ X0 — ¥)?
Where vyi is the distribution of the mixture; y; is the Modified Andreasen and

R? = (4)

Andersen model and y is the average value of the distribution.

Continuous models do not consider the influence of the shape and
characteristics of the materials, such as specific surface area. Continuous models also
fail to consider gravity as the primary external force for particle packing. The forces
between the particles affect smaller particles, causing aggregation of the particles and
affecting the packing density (Dingqgiang et al., 2020; Wang et al., 2021c).

Both discrete and continuous models are created based on the mathematical
packing of dry materials, not accounting for the water used to produce concrete. Thus,
the precision of the models is affected by not considering the effect of water on
agglomeration and the real packing of the particles (Dingqiang et al., 2020; Wang et
al., 2021c).
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2.3 CURING

The Sherbrooke footbridge (Sherbrook, Canada) was one of the first major
practical applications of UHPC. Heat curing was used to achieve the necessary
compressive strength of 200 MPa on a 60 m span (Blais; Couture, 1999).

The low water/binder ratio of UHPCs means that not all the binder particles in
the mixture are hydrated and act as fillers. Heat curing is an alternative to activate
these particles, accelerating pozzolanic reactions in UHPCs. Heat curing can enhance
efficiency in factories, enabling projects to be completed in a shorter timeframe. The
use of heat curing allows the cement hydration process to continue to increase after 3
days (He et al., 2021; Ji et al., 2022; Li et al., 2021; Soliman; Tagnit-Hamou, 2016).

Hot air curing (HAC) is the process of inserting UHPC specimens into ovens for
up to 24 hours. Different temperature ranges are observed, from 60°C (Kareem et al.,
2022) to 160°C (Ahmed; Abed; Mannan, 2022). The adoption of HAC accelerates the
hydration process in UHPC and improves the compressive strength of concretes. The
compressive strength of HAC UHPC at 7 days reaches 99% of the compressive
strength at 28 days (Dong et al., 2020). Despite the higher compressive strength, the
prolonged oven use increases the environmental impact of producing UHPC compared
to standard curing.

Steam curing is a process that combines high temperatures and humidity. In
this process, UHPC samples can be subjected to steam treatment for periods of time
from 24 to 72 hours. (Li et al., 2021; Shi et al., 2021b; Wu et al., 2020) at temperatures
of 70 to 90 °C (Hasan; Nayyef, 2020). Steam curing results in extremely high CO2
emissions due to the prolonged application of heat. The thermal activation of steam
curing is very low to increase the compressive strength of UHPCs significantly (Shi et
al., 2021b).

In autoclaved curing (AC), pressure and higher temperatures are applied to
UHPC samples to accelerate the hydration process. The environmental impacts of
autoclave curing are greater than those of standard curing. However, this process
helps to produce UHPCs with higher strengths. When considering the embodied CO2
index in relation to compressive strength gains, the CO2 emissions of AC curing are
very similar to those of standard curing (Li et al., 2021; Shi et al., 2021b). Autoclave

curing in UHPCs is carried out at a temperature of 180 °C for a period of 8 hours (Li et
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al., 2022a, 2021; Mu et al., 2023; Shi et al., 2021b; Torres Castellanos; Fernandez
Gbémez; Nufiez Lopez, 2019).

Carbon curing is used for carbon uptake in concretes. It is recommended to

proceed with the curing process using the fresh mix of UHPCs due to the lower porosity

in the hardened samples. In UHPCs, curing of carbon causes a reduction in the

compressive strength of the material. Despite this reduction in strength, carbon curing

increases the carbon uptake of UHPCs. It is possible to store up to 80 kg of CO2 per
m?3 of UHPC if the fresh mix is subjected to carbon curing (Dixit; Du; Pang, 2021).Table

2.4 presents the curing regimes found in the literature and the results of the

compressive strength.

Table 2.4 — Heat curing regimes

Curing
method

Studies

Temperature range

Period

Hot air curing

Ahmed; Abed; Mannan
(2022)

Ahmed et al. (2021a)

Soliman; Omran; Tagnit-
Hamou (2016)

Rajasekar; Arunachalam,;
Kottaisamy (2019)

Kareem et al. (2022)

Soliman; Tagnit-Hamou
(2016)

60°C — 160°C

24h — 48h

Steam curing

Li et al. (2022b)

Rajasekar; Arunachalam,;
Kottaisamy (2019)

Shi et al. (2019)
Shi et al. (2021b)
Li et al. (2021)
Wu et al. (2020)

Soliman;  Tagnit-Hamou,
(2017b)

Ha et al. (2022)
Kang et al. (2017)

80°C - 90°C

48h — 72h

Autoclave
curing

Li et al. (2022b)
Shi et al. (2019)
Shi et al. (2021b)
Li et al. (2021)

180°C

8h
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Dong et al. (2020)
Savadkoohi; Reisi (2020) 67°C —90°C 24h — 48h
Ferdosian; Cambes (2016)

Hot water
curing

2.4 ENVIRONMENTAL ASSESSMENT

The environmental impacts of UHPCs are a significant concern in the production
of this material. The high cement content and the use of heat curing to improve the
mechanical properties of the material result in high environmental impacts when
producing 1 m3 of UHPC.

CO2 emissions are the focus of studies aimed at producing greener UHPCs.
The global warming potential values are used as a preliminary index to assess the eco-
friendliness of UHPCs in several studies (Ha et al., 2022; Li et al., 2021; Shi et al.,
2019, 2021b; Tahwia et al., 2022). Embedded CO2 emissions can be used to assess
the efficiency of the mixture design. The coz index, or carbon index (Cl), is given by
Equation 5.

o,
™ Fozs ©)
Where Cl is the carbon index (kgCOeq/MPa), CO2 is the value of the COz2

emissions in kgCO2eq and fc,28 is the compressive strength at 28 days in MPa.

CI

The higher mechanical properties of UHPC result in lighter structures, with lower
cross sections and reduced use of steel for prestressing and reinforcement. The CI
index aids in designing greener UHPC mixes, but it only accounts for the compressive
strength of UHPCs. In practical applications, other variables in bridge construction are
affected by this higher compressive strength, such as transportation, construction
duration, and material consumption. To assess these factors and study other
environmental impacts, an LCA is needed.

LCA studies in UHPCs can be performed in three different ways: (a) to assess
the environmental impacts of the mix design; (b) to assess the environmental impacts
of producing structures or structural members (cradle to gate); (c) to assess the
environmental impacts of structures considering all stages of their service life (cradle-
to-grave).

In addition to the good results for the UHPC production stage, the durability
properties of the material could further reduce its environmental impacts.
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Unfortunately, the exact service life of UHPCs is not known, and estimates are used in
LCAs to quantify the environmental impacts of the material.

Cradle-to-grave studies, i.e., studies considering the longer service life of
UHPCs, adopt estimated values for the lifetime of UHPC structures. The values of
UHPC structures are estimated to be between 50 years (Caruso et al., 2022) and 100
years (Larsen et al., 2017) without maintenance.

The stage of construction/production of UHPC structures is the stage with the
highest environmental impacts in bridge construction. For UHPCs, the production
stage is responsible for 92% of CO2 emissions. For CC bridges, the production stage
is responsible for 63% of total CO2 emissions (Dong, 2018; Sameer et al., 2019). This
difference highlights the importance of considering the higher durability of UHPC. For
the same period, fewer maintenance interventions are necessary for UHPC bridges.

When maintenance is considered, the service life of UHPC bridges can be
extended to 150 years. This could lead to environmental impacts 48% lower than
conventional concrete bridges for use for a period of 75 years (Dong et al., 2020).

Despite the estimated service life of UHPC structures, in all scenarios (50, 75,
and 90 years), the environmental impacts of bridge construction are reduced when
using UHPC. As CO2 emissions (global warming potential) are the most studied impact
category, Figure 2.1 highlights and compares the total CO2 emissions found in the
literature for LCA from cradle to gate and from cradle to grave.

As can be observed in Figure 2.1, the use of UHPC reduces environmental
impacts (in this case, CO2 emissions) in bridge construction. The use of a longer
service life in the LCA calculations helps to decrease the environmental impacts of the

material further.
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Figure 2.1 — LCAs for UHPC structures

100%
o 91%
o 90% ] 84% 81%
: T
o 9 —
2 80% 71%
E 70% ]
g 60% ﬁ% 52%
9 50% 45% ]
T 40%
N
& 30%
E 20%
o
Z 10%
0%
Dong (2018) Binh Tran Larsenetal. Jietal. Dong (2018)Caruso et al. Sameer et
and Tan (2017) (2022) (2022) al. (2019)
Tran (2020)
Cradle to gate Cradle to grave
mCC mUHPC

Table 2.5 presents different studies found in the literature that perform LCA in
UHPC structures.



Table 2.5 — LCA studies found in the literature
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Study Application System boundaries Service life Functional Unity
Dong (2018) Bridge Cradle to grave 75 years (estimation) 1 bridge
Xia et al. (2023) Mix Design Mixture production - m?3
Wei et al. (2020) Mix Design Mixture production - 1 ton
Binh Tran; Tan Tran (2020) Bridge Cradle to gate - 1 1girrr;j3er
Caruso et al. (2022) Aquaculture raft Cradle to grave (ess(t)ir}r/f;\?ifn) 1 raft
Kong; Kurumisawa; Chu (2022) Mix Design Mixture production - 1 ton
Du et al. (2022) Mix Design Mixture production - m3*/MPa
Abdellatief et al. (2023) Mix Design Mixture production - m3*MPa
Larsen et al. (2017) Bridge Cradle to gate 1 girder
Ji et al. (2022) Column Cradle to gate - 1 column
Sameer et al. (2019) Bridge Cradle to grave (egs(’[)irﬁ\?igsn) 1 :Jr?c];e
Kannikachalam et al. (2023) Water tank Cradle to grave (ess(t)iri/;?igsn) 1 water tank
Ghahsareh et al. (2025) Beams Cradle to gate 14(,) ye:lzlrs 1 beam
(estimation)
Zhang; Cheng; Zhang (2025) Mix Design Cradle to gate - 1m?
Farahzadi et al. (2025) Mix Design Cradle to gate - Tm?
Shang et al. (2024) Mix Design Cradle to gate - 1m?
Xu et al. (2024) Mix Design Cradle to gate - 1 pier
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2.5 CORROSION OF UHPCS

2.5.1 Carbonation in UHPCs

Carbonation is the process by which carbon dioxide (COz2) is dissolved in water
and reacts with calcium hydroxide, Ca(OH)2, in the cement paste (Li et al., 2020a).
Carbonation lowers the pH value of concretes, which is around 13, and leads to
depassivation and corrosion of the reinforcement bars (Mehta; Monteiro, 2006;
Poursaee, 2016).

The replacement of cement with SCMs is widely studied to produce greener
UHPCs. In addition to the effects of cement replacement on the porosity of UHPCs,
the presence of SCMs could affect carbonation in the material for its pozzolanic
reactions. The pozzolanic reactions of SCM consume Ca(OH)2 to form CSH (Matos et
al., 2021). Sohail et al. (2021) argues that this helps to avoid carbonation in concretes,
as there is no Ca(OH)2 to react with dissolved CO2. However, fewer Ca(OH)2 from
pozzolanic reactions of SCM result in a lower amount of CO2 necessary to increase
carbonation in concretes (Dyer, 2019). Thus, the growing interest in producing greener
UHPCs and reducing the cement content by replacing the material with SCM could
result in UHPCs that are more susceptible to carbonation. Few studies identified
carbonation in UHPCs. Robalo et al. (2023) and Tang et al. (2023) identified
carbonation after accelerated ageing in UHPC mixtures with a higher w/b ratio (0.32
and 0.33, respectively) and with compressive strengths under 100 MPa, which can
indicate a lower porosity of the UHPCs, explaining the presence of carbonation. In
addition to that, Robalo et al. (2023) investigated the replacement of cement by SCMs
up to 40% by weight of cement. In this case, the replacement of cement with SCMs led
to a depletion of the alkaline reserve in the concrete, increasing the chance of
carbonation.

Generally, no carbonation is detected in accelerated tests, even with. The CO2
concentration for accelerated carbonation tests should not exceed 3%. For CO2
concentrations greater than 3%, the carbonation products in the concretes are not the
same as those found in the carbonated concretes under natural conditions. These
results could be misleading and overestimate carbonation in concrete (Van Den
Heede; De Schepper; De Belie, 2019; Von Greve-Dierfeld et al., 2020). However, even
with possible overestimations, the studies by Chunping et al. (2018, 2016) used CO2
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concentrations of 60%, which is 20 times higher than the recommended value. Despite
the possibility of overestimation, no carbonation was found after 180 days.
Table 2.6 presents various accelerated carbonation studies on UHPC that have

been found in the literature.

Table 2.6 — Carbonation in UHPC

T t Carbonation fc2s

H 3
Article CO2 RH (°C) (days) C (kg/m?3) (mm) (MPa)

'é%rgﬁ’g)et al. 1% 60% 21 56 794 0 mm 140
Sohail et al. (2021) 50% 60% 23 180 820 0 mm 94
Tang et al. (2023) 20% - - 90 738 1.4 mm 90
Matos et al. (2021) 5% 53% 20 360 690 0 mm 90
Robalo et al. (2023) 3% 60% - 90 660 — 825 2 mm 94
g%ﬁ%‘;'“g etal., 60% 70% 20 180 540 0 mm 156
g%ﬁ%‘;'“g etal 60% 70% 20 180 960 0 mm 150
Tafraoui; 19

Escadeillas; Vidal 50% 60% - months 961 0 mm 155
(2016)

COz2 — CO2 concentration; T — Temperature; t — Duration; C — Cement content; fc,28 —
Compressive strength at 28 days

Although carbonation in UHPCs is rare due to their lower porosity and
permeability, as well as a high alkaline reserve resulting from the cement content,
current methods may not be precise enough to detect carbonation in UHPCs. Although
UHPCs exhibit high resistance to carbonation, a precise method for detecting it is
necessary. The high alkaline reserve of UHPCs can result in high CO2 uptake without
the corrosion of the concrete structure. That would help to consolidate UHPC as a
sustainable material. If SCMs are used, the pozzolanic reactions of those materials
can reduce the alkaline reserve of UHPCs and increase the chance of carbonation.

Therefore, further investigations are necessary regarding the carbonation of UHPCs.

2.5.2 Chloride ingress

Chloride attack in concrete structures is one of the main pathologies responsible
for the failure of concrete structures (Esmaeili; Oudah AL-Mwanes, 2023). The chloride
ingress process happens by diffusion. When the chloride ions are present in concretes,
the binding process happens to stop the chloride ingress with two mechanisms: i) the
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formation of Friedel’s salt, and ii) the immobilisation of free chloride ions by CSH gel in
a process of chemical adsorption (Dyer, 2019).

UHPCs, a combination of high cement volume for binding chloride ions and high
density in their microstructure, give the material a very low permeability, slowing the
diffusion of chlorides and increasing resistance. The time to initiate corrosion in UHPCs
could be 1000 times higher than that in conventional concretes (Sohail et al., 2021).

This performance can be improved when producing greener UHPCs. The
formation of secondary CSH by SCMs increases the capability of fixation of the chloride
ions and of UHPCs, especially if materials with high alumina (Al2SO3) are used.
Additionally, the finer particles of SCM materials can fill pore spaces, increasing the
packing density and reducing the porosity (Agwa et al., 2022; Hakeem; Althoey;
Hosen, 2022; Mousavinezhad et al., 2023; Rajasekar; Arunachalam; Kottaisamy,
2019). In this case, moist curing is recommended for at least 56 days to allow the
SCMs to fully react before the tests (Mousavinezhad et al., 2023).

Regarding testing the resistance to the attack of chlorides, a few methods are
found in the literature. The most common method presented is the rapid chloride
penetration test (RCPT), standardized by ASTM C1202 (ASTM International, 2012).
This test is an indirect indicator of the resistance to chloride ion penetration in
concretes. By keeping a constant potential difference of 60 V between the two ends of
the sample for a controlled period of 6 hours, it is possible to measure the total charge
passed (in Coulombs). This charge was found to be related to resistance to chloride
ion penetration, and it is possible to classify chloride ion permeability using Table 2.7
(ASTM International, 2012).

For the RCPT tests, the chloride ion permeability in UHPCs is found to be
negligible (Hakeem; Althoey; Hosen, 2022; Looney et al., 2022; Sohail et al., 2021;
Yang et al., 2020a) or very low (Agwa et al., 2022; Alkaysi et al., 2016; Amin et al.,
2022; Mousavinezhad et al., 2023; Rajasekar; Arunachalam; Kottaisamy, 2019). This
is due mainly to the higher resistivity of UHPCs, a result of the higher packing density

of the microstructure



45

Table 2.7 — Relation between charge passed and chloride ion permeability
(ASTM International, 2012)

Charge (C) Chloride lon Permeability
>4000 High

2000 - 4000 Moderate

1000 - 2000 Low

100 - 1000 Very Low
<100 Negligible

Table 2.8 — Chloride ion permeability in UHPCs

Passing

. Cement Chloride

Article (kg3m?) fc,28 (MPa) ch(acr)ge Permeability
Mousavinezhad et al.
(2023) 839 135 165 Very low
Abdellatief et al. (2023) 890-950  120-130 90— 100 Negligible
Sohail et al. (2021) 820 161 48 Negligible
Alyami et al. (2023) 500 — 100 130180 220 - 260 Very low
Agwa et al., 2022) 630 —900 140—165 230410 Very low
Maglad et al. (2023) 6511020 150 — 180 140 — 350 Very low
Prakash et al. (2022) 281-740 84— 144 246 — 595 Very low
Zhu et al. (2016) - 75-80 60— 167 Neg"ﬂfv'velvery
Yang et al. (2019) 375-750 115-125 83 -119 Neg"?g/e/"ery
Hakeem; Althoey; Hosen -
(2022) 900 95-161  65-75 Negligible
Ganesh: Murthy (2019) ; 101-1016 61— 143 Neg"?ﬁ/{f"’ery
Ling et al. (2021) 525-750  120-140 <100 Negligible

A second method is found to determine the chloride ion permeability in
concretes: the determination of the chloride diffusion coefficient (Drcm). The Drewm
coefficient is mostly determined by using the NT Build 492 procedures (NORDTEST,
1999).

In this test, the applied voltage, temperature of the solutions, time of exposure,
and depth of penetration of chloride ions are used to define the diffusion coefficient.
UHPC samples with 10mm diameter and 5mm height are exposed to a 10% NacCl
solution on the bottom and a 0.3 M NaOH solution on the top. The samples are
subjected to constant voltage for up to 96 hours, and the depth of penetration of
chloride is measured by spraying a 0.1 mol/L solution of 0.1 mol/L (NORDTEST, 1999).

The coefficient is then calculated using Equation 6.
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(6)

00239 x (273 + T)L Y 00238 ((273 + T)Lxp
- (U - 2)t b= U-2

Where D is the Coefficient of diffusion in 10-'2 m?/s, U is the applied voltage in
V, T is the average temperature of the solutions in °C; L is the thickness of the
specimen in mm, Xd is the average value of penetration depth in mm and T is the
duration of the test in h.

Due to the previously mentioned properties of UHPCs, higher voltage and time
duration are indicated for the RCM tests in UHPCs. As presented in Table 2.10, a
power supply of 60 V is mostly found in literature with a time duration up to 96 hours,
as it is the maximum recommended by the NT Build 492.

Similarly to the results of RCPT tests, the resistance to chlorides is classified by
the result of the Drcm, as presented in Table 2.9. By this criterion, the chloride
resistance is very high or extremely high, since no values higher than 3.5 m?/s were

found in literature.

Table 2.9 — Classification of resistance to chloride penetration in concretes
(Gjerv, 2009)

Migration coefficient (x10-2 m2/s) Resistance to chloride penetration
>15 Low
10-15 Moderate
5-10 High
25-5 Very high

<25 Extremely high
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Table 2.10 — Setup and results of RCM tests

. Drcm
Article Age Voltage Duration (102 Resistance
(days) (V) (hours) )
m*/s)
Esmaeili; Oudah AL- _
Mwanes (2023) 90 60 5-96 356  Very high
Extremely
Huang et al. (2024) 28 30 : 0.07 i
Matos et al. (2021) 28 40 5-96 2.0 Extr:?gn;ely
Matos et al. (2021) 90 60 596 0.36 EXtr:?gmhe'y
Pourjahanshahi; Extremely
Madani (2021) 28 60 96 0.46 high
Ghasemzadeh
Mosavinejad et al. 28 60 96 2.54 Very high
(2020)
Fan et al. (2021) 28 60 5-96 0.131 EXtr:?gmhe'y
Qian et al. (2020) 7 50 5 - 96 2.01 EXtr:?gmhely

2.6 LOW CEMENT UHPCS

The need for environmentally friendly UHPCs has led to the development of
blends that preserve the excellent mechanical and durability characteristics of
conventional UHPCs, while substantially reducing the cement content. This research
considers low cement UHPC mixtures to be those with a cement content lower than
500 kg/m?3, without the addition of fibres, not alkali-activated, and with a compressive
strength higher than 120 MPa at 28 days.

It's possible to find in the literature various studies on producing low cement
UHPCs, and there’s no definitive method to optimise this lower content in the blends.
While many studies adopt a direct cement substitution approach, the alternatives of
particle packing optimization, Al-guided design and statistical optimization are used,
as seen in Chapter 2.2.

Table 2.11 shows the different low cement UHPCs found in literature, classified
by cement content (kg/m3), compressive strength (MPa) and Cement index
(kg/(m3-MPa). Figure 2.2 and Figure 2.3 visually represent the relationships between

the obtained compressive strength and the cement index, and the cement content and
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the cement index, respectively, for the low UHPC mixtures available in literature. It is
notable that the focus on producing low cement UHPCs has increased over the last
four years, with the majority of articles being published after 2021. The data reflect
ongoing trends to reduce the cement content in UHPC without compromising structural
performance, which is crucial for achieving both environmental and economic benefits.
Table 2.11 also shows that increasing compressive strength in UHPCs does not
always require increasing cement content. Many formulations achieved higher
strengths, even at lower cement levels, demonstrating the effectiveness of mix design
strategies and the use of SCMs. On the other hand, mixtures with higher cement
content do not always correspond to the highest strengths, suggesting that simply
adding more cement is not the only path to improve the performance of concretes.
Figure 2.2 shows a threshold of 2.0 kg/(m3-MPa) for lowering the cement index.
Comparing with Figure 2.3, it shows that these values are obtained for mixtures with a

cement content between 250 kg/m?* and 360 kg/m?.

Table 2.11 — Low cement UHPC in the literature

Article ‘(:if;;‘n‘:';')t fos(MPa) | /(m'ffMPa)
Li et al. (2019a) 430.9 142.1 3.0
Shi et al. (2021b) 249 122 2.0
Huang et al. (2023) 488 125 3.9
Gao et al. (2024) 341.96 120 2.8
Yu; Spiesz; Brouwers (2014) 439.5 115 3.8
Yalcinkaya; Yazici (2017) 365 157 2.3
Wu et al. (2024) 270 130 2.1
Shi et al. (2021a) 359 169.1 2.1
Wang et al. (2021a) 375 115 3.3
Shah; Du; Meng (2025) 459 135 3.4
Li et al. (2024b) 450 120 3.8
Ding et al. (2021) 350 80 4.4
Chu et al. (2022) 365 135.6 2.7
Ran; Ou; Li (2025) 356.5 105.3 3.4
Yang et al. (2024) 180 55 3.3

Fan et al. (2024) 430 138 3.1
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3 MATHERIALS AND METHODS

This chapter presents the materials and methods used for the development of
this study. This research was conducted in two countries: i) Brazil, at the Federal
Centre for Technological Education of Minas Gerais (CEFET-MG), in the city of Belo
Horizonte, and ii) Germany, at the Munich University of Applied Sciences (HM), in the
city of Munich. Accordingly, the following sections describe the materials, mix design
and testing methods separately for each country. The Apparent Density of the UHPC

mixture was calculated and is presented in Appendix A.
3.1 MATERIALS

3.1.1 Brazil: Cement substitution with GGBFS and RHA

Cement Portland type CPV, Silica Fume (SF) were used as binder materials for
the UHPC. Ground Granulated Blast Furnace Slag (GGBFS) and Rice Husk Ash (RHA)
were used as SCMs. The chemical and physical properties of binder materials are
listed in Table 3.1. Quartz sand (0 — 1200 mm) and Quartz Powder (QP) were used as
fillers for the mixtures. The granulometry of the materials is presented in Figure 3.1. A

combination of superplasticizers for workability and viscosity control.

Table 3.1 — Physical and chemical composition of cement, silica fume, GGBFS

and RHA

Element Cement Silica Fume GGBFS RHA
SiO2 (%) 8.7 91.4 23.7 90.7
Fe203 (%) 3.5 0.2 1.25 0.1
Al203 (%) 3.2 0.2 9.8 0.2
SiO2 + Fe203 + Al2O3 15.4 91.8 34.8 91
CaO (%) 71.7 0.7 53.1 1.0
SO03 (%) 2.8 0.1 - 0.8
K20 (%) 1.3 2.8 0.7 3.2
MgO (%) 1.0 1.3 7.8 1.0
Na20 (%) 0.2 0.6 0.4 -
LOI (%) 6.1 1.3 - 2.48
Others (%) 1.5 1.4 3.3 0.5
SSA (m?qg) 0.3 18 0.9 20

Density (kg/m?) 3100 2200 2950 2200
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Figure 3.1 — Particle size distribution of materials — Brazil
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Figure 3.2 — Mix ingredients used in UHPC - Brazil: (a) Cement; (b) Silica Fume;
(c) Quartz Powder; (d) Quartz Sand; (e) GGBFS; (f) RHA
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3.1.2 Germany: Cement substitution with Limestone Powder

The UHPC mixtures were designed using the following materials: Cement CEM |
52.5 (Dyckerhof — Dreifach), silica fume (Silicoll — Sika), limestone powder (Betocarb
UF — Omya), Quartz Powder (Milisil W12—Quarz Werke), Quartz Sand (H 33 — Quarz
Werke) and polycarboxylate superplasticizer (MasterGlenium ACE 460 — Master
Builders). The properties of the binders are presented in Figure 3.3 and the size

distribution of the granular materials is shown in Figure 3.4.

Figure 3.3 — Mixture ingredients used in Germany: (a) Cement; (b) Silica Fume;
(c) Limestone Powder

(b)

Table 3.2 — Physical and chemical composition of cement, silica fume and LP

Element Cement Silica Fume LP
SiO2 (%) 11.0 93.5 0.6
Fe203 (%) 1.6 0.1 0.1
Al203 (%) 2.9 0.2 0.1
SiO2 + Fe203 + Al2O3 15.5 93.8 0.8
CaO (%) 73.3 1.5 58.6
SOs3 (%) 3.1 0.2 -
K20 (%) 0.8 1.3 0.5
MgO (%) 2.0 0.7 1.7
Na20 (%) 0.8 0.4 1.1
LOI (%) 3.4 2.0 37.4
Others (%) 1.1 0.1 0
SSA (m2/g) 4.4 18 8.6

Density (kg/m?®) 3100 2200 2700
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Figure 3.4 — Particle size distribution of materials — Germany
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3.2 MIX DESIGN

3.2.1 Brazil: Cement substitution with GGBFS and RHA

This study aims to reduce the cement content in UHPCs. Thus, in addition to a
reference UHPC mixture, mixtures with up to 60% cement substitution by GGBFS or

RHA were produced. The different mixtures are presented in Table 3.3.

Table 3.3 — Design of concrete and UHPC mixtures

Mixture C SF QP S GGBFS RHA sP .
(kg/m?®) (kg/m®) (kg/m®) (kg/m®) (kg/m®) (kg/m?) (kg/m?)
REF 900 189 225 968 - - 4%  0.20
GGBFS20 720 189 225 961 180 - 4%  0.20
GGBFS40 540 189 225 954 360 - 4%  0.20
GGBFS60 360 189 225 947 540 - 4%  0.20
RHA20 720 189 225 905 - 180 4%  0.20
RHA40 540 189 225 842 - 360 4%  0.20
RHA60 360 189 225 779 - 540 4%  0.20

C: Cement; SF: Silica Fume; QP: Quartz Powder; S: Sand; GGBFS: Ground
Granulated Blast Furnace Slag; RHA: Rice Husk Ash; SP: Superplasticizer

In a second round of tests, the aim was to produce low cement UHPC mixtures
with a cement content of under 200 kg/m3. For this purpose, the GGBFS80 mixture
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was produced with 80% replacement of cement by GGBFS as the base for the low
cement UHPC mixtures, totalling 180 kg/m*® of cement. Then, different blends were
produced, replacing GGBFS with RHA in increments of 10% by weight of GGBFS, up
to a maximum of 50%. This allowed to combine and balance of SCMs with distinct
properties and behaviours:

e GGBF: A more common material with higher hydraulic activity;

¢ RHA: A less common material with high content of amorphous SiOz;

The mixtures are identified by percentages of each material in the total amount

of binders, ie, 72/08 is composed of 20% of cement, 72% of GGBFS and 8% of RHA.

The mixtures are shown in Table 3.4.

Table 3.4 — Mix proportions of the low cement UHPCs — Brazil

Mixture C SF QP S GGBFS RHA sP .
(kgim®) (kg/m®) (kg/m®) (kg/m®) (kg/m®) (kg/m®) (kg/m?)
REF 900 189 225 968 0 0 4%  0.20
GGBFS80 180 189 225 940 720 0 4%  0.20
72/08 180 189 225 918 648 72 4%  0.20
64/16 180 189 225 895 576 144 4%  0.20
56/24 180 189 225 873 504 216 4%  0.20
48/32 180 189 225 851 432 288 4%  0.20
40/40 180 189 225 828 360 360 4%  0.20

C: Cement; SF: Silica Fume; QP: Quartz Powder; S: Sand; GGBFS: Ground
Granulated Blast Furnace Slag; RHA: Rice Husk Ash; SP: Superplasticizer

3.2.2 Germany: Cement substitution with Limestone Powder

The reference mixture development during the research stay in Germany was
adapted from the M3Q mixture (Frohlich; Schmidt, 2012). The mixtures are presented
in Table 3.5. The reference sample (REF) contains no replacement of cement with
limestone powder, serving as the baseline for comparison. The subsequent samples,
labelled LP10, LP20, LP30 and LP40, represent cement replacements of 10%, 20%,

30% and 40% with limestone powder, respectively.
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Table 3.5 — Mix proportions of the UHPCs — Germany

. C LP SF QP Qs
Mixture —  oms)  (kgim®)  (kg/im®)  (kgim?)  (kgim?) >f Wb
REF 775 0 163 194 112 3% 024
LP10 697.5 775 163 104 1101 3% 0.24
LP20 620 155 163 194 1091 3% 0.24
LP30 5425 2325 163 104 1081 3% 0.24
LPA40 465 310 163 104 1071 3% 0.24

C: Cement; LP: Limestone; SF: Silica Fume; QP: Quartz Powder; QS: Quartz Sand;
SP: Superplasticizer

3.3 PARTICLE PACKING

The particle packing of the UHPC mixtures was assessed with the methods
presented in Chapter 2.2. First, the Modified Andreasen & Andersen model (Funk;
Dinger, 1994) was used to calculate the ideal distribution curve, since the model is
commonly used to determine the optimal particle size distribution for UHPCs. Then,
the least square method was applied to calculate the coefficient of determination (R?)
to quantify how closely the size distribution of the UHPC mixtures i from the theoretical
model.

The MAA model and R2 coefficient are presented in Equations

D9 — Dy

P(D) = 7
( ) quax _quin ( )

Where D is the particle size, Dmin is the minimum particle size of the materials,
Dmax is the maximum particle size of the materials and q is distribution modulus, the
proportion between the coarser and the finer materials. For this research, a value of
0.23 was chosen.
B L —9)*
X0 —9)*+ 2@ — y)?
Where vyi is the distribution of the mixture; y; is Modified Andreasen and

R? = (8)

Andersen model and y is the average value of the distribution.
Secondly, the CPM model was used to determine the packing density of the
mixtures. The CPM model is presented in Equations 9 and 10. The real packing

density, represented by “@” was calculated by using an iterative script to solve Equation
10.

Y =% aijﬁ

Bi
i 1-— ;ill [1 — Bi + bip; (1 — %)] Vi — ;'l=i+1 [1 _ ﬁ_]l] y; 9)
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Where vy is the virtual packing density, (i is the residual packing density, yj is the
volume fraction, ajj is the loosening effect, bj is the wall effect, K is the compaction
index and ¢ is the real packing density. A value of K of 6.7 was chosen, as

recommended by De Larrard (1999).
3.4 SPECIMEN PREPARATION

3.4.1 Brazil: Cement substitution with GGBFS and RHA

The mixing procedure of the UHPC is shown in Figure 3.5. The mixing of UHPCs
was performed in a vertical mortar mixer with a rotation speed of 48 rpom/min. The
mixing procedures followed the steps: i) Addition of cement, silica fume, quartz powder,
and sand; ii) Dry mixing of the materials at low speed for 2 minutes; iii) Addition of
superplasticizer mixed with water; iv) Mixing for 10 minutes; v) Moulding of test
specimens. No vibration or compaction was needed, and the UHPC samples were
subjected to curing in a water tank at room temperature until the day of testing.

The specimens were demoulded 24 hours after casting and then subjected to

standard curing at different ages: 28 days and 56 days.

Figure 3.5 — Mixing process of UHPC - Brazil

-, Mixing at low Addition of Mixing at high
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3.4.2 Germany: Cement substitution with Limestone Powder

Mixing for UHPC was carried out following the sequence shown in Figure 3.6.
After mixing completion, the mixture was poured into 4x4x16 cm prismatic moulds for
mechanical properties and carbonation assessment; and @ 10 cm and 20 cm height
specimens for rapid chloride migration, resistivity tests and water absorption tests.

The specimens were demoulded after 24 hours and submitted to submerged

curing for 28 and 56 days.
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Figure 3.6 — Mixing process of UHPCs — Germany
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3.5 FLOW TABLE

3.5.1 Brazil: Cement substitution with GGBFS and RHA

The flow table test, as outlined by Brazilian standard NBR 13279 (Associagéo
Brasileira de Normas Técnicas, 2005), was employed to assess the consistency of
freshly mixed UHPC. The fresh mixture was placed into a mould and subjected to 30
hits in 30 seconds. Following this, its diameter was measured in two orthogonal
directions, and the average of these measurements established the consistency of the

mixtures.

Figure 3.7 - Flow table test — Brazil

3.5.2 Germany: Cement substitution with Limestone Powder

The flow table test was performed to determine the consistency of fresh UHPC,
following the procedures outlined in EN 1015-3. The fresh UHPC was placed into a
conical mould with a height of 6 cm and 7 an internal diameter of. After filling, the mould
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was lifted, and the fresh UHPC was struck 15 times. The final spread was measured,

and the average value was determined.

Figure 3.8 — Flow table test - Germany

3.6 MECHANICAL PROPERTIES

3.6.1 Brazil: Cement substitution with GGBFS and RHA

Compressive Strength, Flexural Strength and Modulus of Elasticity tests were
performed at the ages of 1, 3, 7, 28 and 56 days to assess the mechanical properties
of the UHPCs.

The compressive strength of the UHPC mixtures was determined according to
NBR 5739 (Associagao Brasileira de Normas Técnicas, 2018). Cylindrical specimens
with a 5 cm diameter and 10 cm height were tested in a universal testing machine
EMIC at a constant load rate of 0.45 N/s.

For flexural strength, this study followed the procedures of the NBR 13279
standard (Associagao Brasileira de Normas Técnicas, 2005). Prismatic specimens with
dimensions of 4 x 4 x 16 cm were subjected to a three-point bending test with a span
of 12 cm and a loading rate of 50 N/s.

The elastic modulus test of UHPC was conducted according to the procedures
outlined in NBR 8522 (Associagéo Brasileira de Normas Técnicas, 2021). Three
cylindrical specimens with dimensions of 5 cm in diameter and 10 cm in height were
produced for each mixture. The specimens underwent three loading cycles, with a
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stress limit corresponding to 30% of their compressive strength. Loading and unloading
rates were set at 0.45 MPal/s. Figure 3.9 shows the setup for the modulus of elasticity

test.

Figure 3.9 — Setup for the modulus of elasticity test

3.6.2 Germany: Cement substitution with Limestone Powder

Compressive and flexural strengths of UHPCs were measured at 28 and 56
days according to EN 196 (European Standards, 2016). For flexural tests, three
4x4x16 cm specimens were submitted to a three-point bending test over a 10 cm span.
The six resulting halves were then used to assess compressive strength. Load rates

were 2400 N/s for compressive strength and 50 N/s for flexural strength.
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Figure 3.10 — (a) Compressive strength setup and (b) Flexural Strength setup
(a) (b)
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3.7 DURABILITY ASSESSMENT

3.7.1 Accelerated Carbonation

The accelerated carbonation tests were performed according to EN 12390-12
(Deutsche Institut fur Normung, 2020) for the German mixtures. After 28 days of curing,
the specimens were removed from the water tank and transferred to the laboratory for
air drying. After 14 days, the specimens were transferred to the climate chamber for
accelerated carbonation at a CO2 concentration of 3%, a temperature of 20 °C, and a
relative humidity of 60%. Specimens were kept in the climate chamber for 12 months.
Measurements were made monthly by splitting 3 specimens and spraying a
phenolphthalein solution.

3.7.2 Rapid Chloride Migration

Rapid chloride migration (RCM) tests were conducted following the procedures
established by NT Build 492 (NORDTEST, 1999). The tests were conducted after 28
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and 56 days of curing for 3 specimens per mixture. After curing, specimens were cut
to dimensions of 10 cm in diameter and 5 cm in height.

The specimens were transferred to the RCM equipment with an applied voltage
of 60 V, and initial temperatures were recorded. Then, specimens remained under
testing up to 96 hours (Brazil) and 336 hours (Germany). After the period, specimens
were split in half, and a solution of 0.1 M Silver Nitrate was sprayed on the surface of
the split halves. Then, the chloride penetration depths were measured. The results

were then classified according to the values presented in Table 2.9.

Figure 3.11 — Setup for the RCM test
= B/

The coefficient of diffusion was calculated following equation 11.

0.0239 x (273 + T)L (273 + T)Lxp
D = Xp —0.0238 11

Where D is the Coefficient of diffusion in 10-'2 m?/s, U is the applied voltage in

V, T is the average temperature of the solutions in °C; L is the thickness of the
specimen in mm, Xd is the average value of penetration depth in mm and T is the

duration of the test in h.

3.7.3 Electrical Resistivity

The electrical resistivity of the UHPC specimens was calculated before the RCM
tests. Using the setup for the RCM test, a 60 V voltage was applied across the
specimens, and the resistivity was measured using a multimeter. The electrical
resistivity was calculated by measuring the resistance of the specimen and then

applying Equation 12, which takes into account the specimen’s geometry.
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p=RA (13)

Where p is the Resistivity in Q-m, R is the Resistance in Q, A is the area of the

specimen in m, and L is the height of the specimen in mm

3.7.4 Water absorption

Water absorption test was performed after 56 days of age to determine the water
absorption and voids of the UHPC. The test followed the Brazilian standard NBR 9778
(Associagao Brasileira de Normas Técnicas, 2009). Three specimens with a diameter
of 10cm and a height of 5 cm were first dried in an oven at a temperature of 105°C for
72 hours. After drying, the specimens were weighed to determine their dry mass. Then,
they were submerged in water for 72 hours. After this period, each specimen was
weighed in both saturated and submerged conditions. The water absorption was
calculated using equations 14, which relate the changes in specimen mass to water
uptake and internal porosity.

m —m
A= sat S x 100 (14)
ms

Where A is the water absorption, ms is the dry mass of the specimen, msat is the

Saturated mass of the specimen and msub is the submerged mass of the specimen.
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3.8 SERVICE LIFE DESIGN

This research aimed to determine the service life of UHPC structures through
initiation of corrosion by chloride ingress. For this, Thick’'s Second Law of diffusion
(Equation 15) was used to determine the chloride ingress in concrete structures.
Equations 16 and 17 were used to determine the coefficient of diffusion after a time of
reference. The Duracon software (Ferreira; Jalali, 2006) was used to provide the
probabilistic-based assessment by Monte Carlo simulation.

c(x) = ¢ [1 —erf <—xc )l (15)
2/D(t)t

Where c(x) is the chloride penetration at distance x from the surface; c) is the
chloride concentration at concrete surface; xc is the cover depth; Dy is the coefficient

of diffusion; t is the period considered for the simulation.

(1 +g) - (%)] (&) k, (16)

Where Do is the coefficient of diffusion determined in experiments, a is the time

D,
1—-«a

D(t) =

dependance factor, to is the age of testing and ke is coefficient that takes into
consideration the effect of temperature in the diffusion of concretes.

Es/ 1 1
_ 17
ke = exp [R (293 273 + T)] (7)

Where Ea is the activation energy for the diffusion of chlorides, R is the gas

constant, R and T is the temperature.

Corrosion happens when c(x) is equal to the critical chloride concentration (Cr).
The Cr value was fixed at 0.48 + 0.15 in relation to the weight of concrete. The
concentration at the surface (Cs) was set at 5.4 £ 10% in relation to the weight of
concrete, following the parameters of Ferreira and Jalali (2006). The age of testing (to)
and the age of exposure to chlorides (t') were set at 28 days. The temperatures were
defined as 30 °C for Brazil and 10 °C for Germany. The time period of analysis was
set at 150 years, since calculations of corrosion probability are not considered valid for
periods longer than that (Gjgrv, 2009).

The values for alpha were determined following the recommendations of (Gjerv,
2009), being 0.4 £ 0.08 for mixtures produced with Brazilian Portland Cement CPV,
European Cement CEM | and Limestone Powder, 0.5 £ 0.10 for mixtures produced
with cement substitution with GGGBFS and 0.6 + 0.12 for mixtures produced with
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cement substitution with RHA. The Brazilian Standard for concrete structures, NBR
6118 (Associacao Brasileira de Normas Técnicas, 2023), determines the minimum
cover depth in relation to the aggressiveness classification of the concrete structures,
as shown in Table 3.6 and Table 3.7.

Table 3.6 — Classification of the classes of aggressivity (Associag¢ao Brasileira
de Normas Técnicas, 2023)

Class Of Aggressivity Environment Risk of corrosion
aggressivity

Rural S

I Weak Submerse Insignificant

Il Moderate Urban Small

Marine ,
- Strong Industrial Big
\Y Very strong Industrial High

Splash zone

Table 3.7 — Minimum depths for concrete cover (Associagao Brasileira de
Normas Técnicas, 2023)
Class of aggressivity

Structure Element | Il I v
Cover depth (mm)

Slabs 20 25 35 45

. Girders/Columns 25 30 40 50
Reinforced Structural

Concrete members in 30 40 50

contact with soil
Prestressed Slabs 25 30 40 50
concrete  Girders/Columns 30 35 45 55

In this case, a cover depth of 55 mm was chosen for a prestressed bridge girder
exposed to aggressive environments. This value was chosen for the service life design
of UHPC. Finally, a probability of 10% of initiation of corrosion was set as the service

life, as recommended by Gjgrv (2009).
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3.9 LIFE CYCLE ASSESSMENT (LCA)

The primary objective of this study is to perform a comprehensive Life Cycle
Assessment (LCA) to perform a comparative analysis between conventional concrete
(CC), high-strength concrete (HSC) and UHPC. The LCA was carried out using the
OpenLCA® software (Ciroth, 2007) and it was conducted in accordance with the four
phases defined by the ISO 14040 (ISO, 2006a), as outlined below:

¢ Goal and scope definition: Establishing the purpose, functional unit, system

boundaries, and assumptions of the study;

o Life Cycle Inventory (LCI): Collection and quantification of inputs and outputs

throughout the system under analysis;

e Life Cycle Impact Assessment (LCIA): Evaluation of the potential

environmental impacts associated with the inventory data;

¢ Interpretation: Critical analysis of results to support conclusions and identify

improvement opportunities.

3.9.1 Goal and scope

The life cycle assessment (LCA) followed the procedures established by ISO
14040 (ISO, 2006a) and ISO 14044 (ISO, 2006b). This Life Cycle Assessment (LCA)
focused on the production stage of CC, HSC and UHPC, taking into account the
required materials for the functional unity of 1 m? of concrete.

The analysis included the stages of raw material extraction, transportation, and
concrete production for UHPC mixes. The cities of Belo Horizonte (Brazil) and Munich
(Germany) were defined as the regional scope for the LCA. The system boundary of
the LCA is shown in Figure 3.12.
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Figure 3.12 — System boundaries of the LCA
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3.9.2 Life Cycle Inventory

The Life Cycle Inventory (LCI) was performed using the dataset from Ecoinvent
3.11 (Ecoinvent, 2021). The LCI was built for the comparative analysis between CC,
HSC and UHPC.

For the analysis of conventional concrete, the following materials were
considered in the LCI: cement, sand, gravel, water, superplasticizer, and electricity. All
these materials were available in the Ecoinvent dataset.

Since UHPC uses alternative materials from conventional concretes, it was
necessary to adapt the data for quartz powder, silica fume and RHA. For quartz
powder, this research used the dataset available for limestone powder, following the
consideration of Stengel and Schiel3 (2014). For RHA, only the energy necessary for
production was considered, as shown by (Geradora de Energia Elétrica Alegrete Ltda.
(GEEA); Silica Brasil Sul Ltda. (SBS); Mitsubishi UFJ Securities Co., Ltd. (MUS),
2017). The values obtained were a total energy consumption of 2376 MWh/year and a
total production of 55440 tons/year, totalling 42.9 kWh/ton.

For transportation, the distances between the cities of origin of the materials and
the study cities were considered. The transportation distances are presented in Table
3.9 and Table 3.10.
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Table 3.8 — Life Cycle Inventory for normal strength and high strength

concretes
Material Process
cement production, CP V RS | cement, CP V RS | APOS, S -
Cement BR
Sand silica sand production | silica sand | APOS, S - RoW
Gravel gravel production, crushed | gravel, crushed | APOS, S - BR
Water tap water production, conventional treatment | tap water |
APQOS, S - BR
Table 3.9 — Life Cycle Inventory for UHPC — Brazil
Material Process
cement production, Portland | cement, Portland | APOS, S
Cement : .
- Europe without Switzerland
- market for silica fume, densified | silica fume, densified |
Silica Fume

APOS, S-GLO

Quartz Powder

limestone production, crushed, for mill | imestone, crushed,
for mill | APOS, S - RoW

Sand

silica sand production | silica sand | APOS, S - RoW

RHA

electricity production, hydro, reservoir, tropical region |
electricity, high voltage | APOS, S - BR-Southern grid

GGBFS

ground granulated blast furnace slag production | ground
granulated blast furnace slag | APOS, S - RoW

Superplasticizer

chemical production, organic | chemical, organic | APOS, S
-GLO

tap water production, conventional treatment | tap water |

Water APOS, S - BR
electricity production, hydro, reservoir, tropical region |
Electricity electricity, high voltage | APOS, S - Brazil, South-eastern
and Mid-western grid
Table 3.10 — Life Cycle Inventory for UHPC — Germany
Material Process
c cement production, CP V RS | cement, CP V RS | APOS,
ement S-BR
sjli market for silica fume, densified | silica fume, densified |
ilica Fume

APOS, S-GLO

Quartz Powder

limestone production, crushed, for mill | imestone, crushed,
for mill | APOS, S - RoW

Quartz Sand

silica sand production | silica sand | APOS, S - RoW

Limestone Powder

limestone production, crushed, for mill | imestone, crushed,
for mill | APOS, S - RoW

Superplasticizer

chemical production, organic | chemical, organic | APOS, S
-GLO

Water

tap water production, conventional treatment | tap water |
APQOS, S - Europe without Switzerland

Electricity

electricity production, natural gas, combined cycle power
plant | electricity, high voltage | APOS, S - DE
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Table 3.11 — Transport distances for materials — Brazil

Material Origin Distance (km) Process
Cement Pedro Leopoldo, MG 35 { it freight. |
Silica Fume Pirapora, MG 350 ransport, treignt, lorry,
PT 16-32 metric ton, diesel,
Quartz Powder  Analéndia, SP 600
. EURO 5 | transport,
Sand Nova Lima, MG 40 freiaht.  lorr 16-32
GGBFS Mogi das Cruzes 635 gnt, Yoo
- metric  ton, diesel,
Rice Husk Ash  Alegrete, RS 2203 EURO 5 | APOS, S - BR
Superplasticizer Osasco, SP 600 '

Table 3.12 — Transport distances for materials — Germany

Material Origin Distance (km) Process

Cement Deuna 537 transport, freight, lorry,
Silica Fume Manheim 326 16-32 metric ton, diesel,
Quartz Powder Gambach 433 EURO & | transport,
Quartz Sand Gambach 433 freight, lorry, 16-32
Limestone Powder Blaubeuren 165 metric  ton,  diesel,
Superplasticizer Manheim 326 EURO 5 | APOS, S -

RER

3.9.3 Life Cycle Impact Assessment

In this study, the Impact World+ v 2.1, developed by Bulle et al. (2019)
methodology was adopted for the Life Cycle Impact Assessment (LCIA) phase. The

Impact World+ was chosen for being the first regionalized methodology that covers the

whole world. That's important due to the spatial variability in the results. The impact

categories assessed using this methodology are shown in Table 3.13.

Table 3.13 — Impact categories of the study

Impact Category

Unity

Climate change, long term

kg CO2 eq (long)

Climate change, short term

kg CO2 eq (short)

Fossil and nuclear energy use MJ deprived
Freshwater acidification kg SO2 eq
Freshwater ecotoxicity CTUe
Freshwater eutrophication kg PO4 P-lim eq
Human toxicity cancer CTUh

Human toxicity non cancer CTUh

lonizing radiations Bq C-14 eq

Land occupation, biodiversity

m2 arable land eq .yr

Land transformation, biodiversity

m2 arable land eq

Marine eutrophication kg N N-lim eq
Mineral resources use kg deprived
Ozone Layer Depletion kg CFC-11 eq
Particulate matter formation kg PM2.5 eq
Photochemical oxidant formation kg NMVOC eq

Terrestrial acidification

kg SO2 eq
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Water scarcity m3 world-eq

3.9.4 Interpretation

In the interpretation phase, the results were assessed to extract useful
information about the environmental impacts of the UHPCs. For this purpose, the
results were interpreted using graphics and tables for comparison between the
mixtures, as well as between the different materials used to produce the UHPCs.

Additionally, two parameters were calculated to evaluate the results of cement
substitution: the cement index and carbon index, which assess the ecoefficiency of the
mixtures. The binder index (Equation 18) is the relationship between the compressive
strength and the cement content of the mixture, that is, the amount of MPa per kg/m?3

of cement. Eco-efficiency (Equation 19) considers the CO2 emissions of the UHPC

mixtures.
BI = ¢ (18)
fe
co,
Cl = (19)
fc,28

Where Bl is the cement efficiency kg/m3/MPa, Cl is the carbon efficiency in
kgCO2eq/MPa, C is the cement content in kg and fc2s is the compressive strength at
28 days in MPa.
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4 EFFECT OF LIMESTONE POWDER AS CEMENT REPLACEMENT ON THE
MECHANICAL PROPERTIES AND DURABILITY OF UHPC

This chapter aimed to investigate the mechanical and durability properties of
low binder UHPC. For this, cement was replaced with a limestone powder, an inert
material, at rates of up to 40%. For mechanical properties, compressive flexural
strengths were investigated at different ages. Regarding the durability of UHPC,
accelerated carbonation tests were performed up to 12 months. Rapid chloride
migration (RCM), electric resistivity and water absorption tests were performed at

different ages.
4.1 PARTICLE PACKING

Particle packing assessment was done by using the MAA and CPM models.
While the MAA models serve as guidance towards an ideal size distribution curve to
produce a self-compacting UHPC mixture, the CPM model allows for the calculation of
the volume fraction of the mixtures. The results are presented in Table 2.1 and the size
distribution of the UHPC mixtures, along with the theoretical curve from the MAA
model, are presented in Figure 4.1.

Observing the R? values, it's evident there is virtually no variation of the values
as the limestone powder replacement increases from 0% (REF) to 40% (LP40). The
highest R? value of 0.922, indicating the closest alignment to the theoretical ideal
particle size distribution curve from the MAA model, is observed for the LP20 mixture.
However, the REF, LP10 and LP30 mixtures present values of 0.920, 0.921 and 0.917,
which are very close to the maximum value. This is most likely due to the finer particles
of limestone powder (see Figure 3.4) filling the voids between cement and silica fume
and improving the size distribution towards the ideal curve. As the LP content increases
from 30% to 40%, the R? value decreases to 0.91, indicating that the excess of
limestone powder particles is making the mixtures finer than expected according to the
model.

The real packing density (¢) determined by the CPM model provides additional
analysis. The packing density increases from 0.652 in the REF mixture to 0.674 at 40%
substitution of cement with limestone powder. This improvement is a result of the void
filling of the limestone particles, which continues to improve the packing density at a

substitution level of 40% and can be beneficial for a denser microstructure in UHPCs.
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Table 4.1 — R? and Packing density of the German UHPC mixtures

Mixture R? [0}
REF 0.920 0.652
LP10 0.922 0.659
LP20 0.921 0.665
LP30 0.917 0.670
LP40 0.909 0.674

Figure 4.1 — Size distribution of the UHPC dry mixtures and MAA curve —
Germany
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4.2 FLOW TABLE

The flow table results are presented in Figure 4.2. The results indicate that
substitution by limestone powder up to 40% did not negatively affect the flowability of
the UHPC mixture. The REF mixture exhibited a flow value of 21.4 cm, while the values
for the LP mixtures showed slight differences, with variations ranging from 21.6 to 22.3
cm.

A slight increase in flow was observed with higher replacement levels,
particularly for LP20 (22.1 cm) and LP40 (22.3 cm), suggesting a modest enhancement
in flowability. This behaviour can be attributed to the filler effect of limestone particles,
which improved the packing density, as seen in Table 2.1. Moreover, since limestone
is largely inert in terms of hydration reactivity compared to cement, its incorporation did
not increase the water demand for the UHPC mixtures.



73

Figure 4.2 — Flow table results
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4.3 MECHANICAL PROPERTIES

The different UHPC mixtures were subjected to compressive strength tests at
28 and 56 days of age. The Results are presented in Figure 4.3.

Figure 4.3 shows the compressive strength of the UHPCs produced. At 28 days
of age the compressive strength of the REF mixture is 152.4 MPa. A reduction of
compressive strength is observed as the percentage of cement replacement by
limestone powder increases. Reductions of 7%, 8%, 14%, and 20% were observed for
mixtures LP10, LP20, LP30, and LP40, respectively.

This reduction is caused by the dilution effect. Besides the reduced availability
of cement for the hydration process, the effective water-cement ratio is altered when
cement is replaced with limestone powder. However, it's important to note that, despite
the 40% replacement of cement by limestone powder, the compressive strength is
reduced by 20%. The presence of limestone powder compensates for the reduction of
cement content by creating more sites for hydration. It also fills voids between the
binder particles and increases the packing density of the UHPC matrix (Fan; Du; Yao,
2025; Li et al., 2020c; Zhang et al., 2024).

This effect is more noticeable after 56 days of age. No significant changes in
the compressive strength are observed for mixtures LP10 and LP20. However, an
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improvement in compressive strength was observed for mixtures LP30 and LP40 at 28
days.

In summary, while the incorporation of limestone powder reduces early age
compressive strength due to the dilution of cement, it also promotes continued
hydration and microstructural densification through the formation of additional
nucleation effects, leading to a strength recovery by 56 days. This balance enables the
reduction of cement content without excessively compromising the key mechanical
performance of UHPC, allowing for more sustainable mixtures that meet the minimum
requirements.

Figure 4.4 presents the results for flexural strength after 28 and 56 days. At 28
days of age, the REF mixture exhibited flexural strength of 19 MPa. With a 10%
replacement of cement by limestone powder (LP10), a reduction of 10% in flexural
strength was observed, followed by reductions of 6% for LP20, 15% for LP30 and 17%
for LP40.

Three factors could cause the improvement of flexural strength from 28 days to
56 days: i) The slower hydration due to dilution of cement; ii) The creation of more
nucleation sites due to the filler effect and the continue hydration of the cement
particles, iii) The increased the packing density of the UHPC mixtures with addition of
limestone powder, which results in a denser microstructure, which contributes to the

increase in flexural strength (Zhang et al., 2024).

Figure 4.3 — (a) Compressive strength
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Figure 4.4 — Flexural strength
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4.4 ACCELERATED CARBONATION

An accelerated carbonation test was performed on the UHPC samples on a
monthly basis. At the ages of testing, specimens were split in half and a solution of
phenolphthalein was sprayed on their surface.

No carbonation was detected at any of the testing ages. The results are
consistent with reports from the literature. Even with testing parameters higher than
what was used for this study, with accelerated carbonation periods of up to 19 months
(Tafraoui; Escadeillas; Vidal, 2016) and CO2 concentrations up to 60% (Chunping et
al., 2018; Gu et al., 2022), very little or no carbonation is found for UHPCs.

That absence of carbonation in UHPCs could be for two reasons: i) the lower
porosity and permeability of the material make it more difficult for the ingress of CO2 in
UHPCs; ii) the high amount of cement creates a big alkaline reserve, delaying the COz2
ingress. For this study, cement was replaced by limestone powder up to 40%.
Therefore, there is a high reduction in the alkaline reserve for the UHPCs, which should
increase the chance of carbonation. Thus, it is most likely that the lower porosity is the
main factor contributing to the carbonation resistance of UHPCs.

The results from the accelerated carbonation up to 15 months are presented in
Figure 4.5.
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Figure 4.5 — Carbonation tests after 15 months. (a) REF; (b) LP10; (c) LP20; (d)
LP30; (e) LP50

(@) (b) (c)

4.5 CHLORIDE MIGRATION

Chloride migration tests were carried out at the ages of 28 and 56 days. Results
for the chloride diffusion coefficient (Drcm) are presented in Figure 4.6. All the Drewm
values for the UHPC mixtures developed in this research have been 100 times lower
than the usual values for conventional concretes. This resulted in the mixtures being
“extremely high” resistant to chloride ingress according to the classification proposed,
shown in Table 2.9.

The reference (REF) mixture presents the highest values of all the samples,
with 4.5x10-"* m2/s at 28 days. When cement is replaced by limestone powder at 10%
(LP10) and 20% (LP20), there is a reduction in the chloride diffusion coefficient value,
most likely due to the improvement of the matrix caused by the limestone powder,
suggesting beneficial effects on the microstructure. Afterwards, the Drcm values for
mixtures with 30% (LP30) and 40% (LP40) increased, indicating deterioration in
chloride resistance. The increase in the density of the matrix is insufficient to

compensate for the reduction in C3A when cement is replaced with limestone powder.
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Hence, without a significant portion of cement to bind to the free chlorides, the chloride
penetration increases, and the risk of corrosion is higher than for mixtures LP10 and
LP20. A similar trend to that observed in the mechanical properties tests is also
observed in the RCM tests.

When comparing the results from 28 days to 56 days, a reduction of the Drcm
values is observed. The ongoing hydration, also observed in the compressive and
flexural strength tests, refines the microstructure, reducing porosity and increasing the
chloride binding capacity of the UHPC mixtures, resulting in lower Drcwm values.

Although the chloride diffusion coefficient increases progressively from 10% to
40% limestone powder replacement, all values remain lower than that of the reference
mixture without limestone powder. This indicates that even at higher replacement
levels, the incorporation of limestone powder still does not have an adverse effect on
the UHPC matrix’s resistance to chloride ingress.

This behavior reflects the dominant filler and microstructural refinement effects
of limestone powder, which continue to limit chloride permeability despite the dilution
of cement. Therefore, while replacements of up to 20% might be the optimal values for
durability performance, higher replacement levels can be considered, as they still

maintain improved chloride resistance compared to the reference mixture.

Figure 4.6 — Drcm values of UHPC — Germany
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4.6 RESISTIVITY

Resistivity tests were conducted at 28 days of age. The results for the resistivity
tests are presented in Figure 4.7. The results showed an increase in the electrical
resistivity of UHPC mixtures at 28 days when cement is replaced by limestone powder.
The values vary from 776 Q-m (REF) to 1496 Q-m (LP40). The results shown reflect a
significant modification of the UHPC microstructure. The results are consistent with
those of Nia et al. (2025) and Hakeem, Althoey, and Hosen (2022), which report
resistivity values superior to 1000 Q-m. This classification indicates that UHPCs have
a negligible risk of corrosion and higher durability, as noted by Valcuende et al. (2021).

The higher resistivity values with increasing LP content suggest that limestone
powder functions effectively as a microfiller, enhancing the packing density of the
UHPC matrix. Moreover, the nucleation effect of limestone powder may accelerate
initial hydration reactions, further contributing to the densification of the matrix. This
trend aligns with the observed particle packing assessment, where increased values

of packing density are observed as the cement substitution by limestone powder

increases.
Figure 4.7 — Resistivity of UHPCs after 28 days of curing
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4.7 FINAL REMARKS

This research aimed to assess the mechanical and durability properties of

UHPC when cement is replaced by limestone powder, a non-reactive material. Five

different mixtures were produced with cement substitution levels ranging from 0% to

40%. Compressive and flexural strength tests were performed to characterise the

mechanical properties of the UHPC. Accelerated carbonation, rapid chloride migration

and resistivity tests were performed to assess the durability properties of UHPC.

From the findings of this study, the following conclusions are drawn:

The substitution of cement by limestone powder is possible in levels up
to 40%. Despite smaller values of mechanical properties, the percentual
reductions observed were still higher than the 120 MPa to be classified
as UHPC;

The substitution of cement by limestone powder increased the packing
density of the UHPC mixtures, indicating a reduced void fraction in the
size distribution of the UHPC by a better filling provided by the limestone
powder. The higher packing density confirmed by the results in resistivity,
which increased along with the percentage of limestone powder in the
UHPCs;

While the reference mixture did not show any improvement in the
mechanical properties between 28 and 56 days, the mixtures containing
limestone powder showed strength gain during the same period, despite
limestone powder being a non-reactive material. This indicates the
formation of additional hydration products by the filler effect provided by
the limestone powder;

There were no signs of carbonation after 15 months of accelerated test
in a climate chamber, even for the low binder mixture with 40% of cement
substitution by limestone powder (LP40). This indicates that, despite a
significant reduction in the alkaline reserve of the UHPC, the denser
microstructure reduces diffusion and the probability of corrosion by
carbonation or chloride ingress;

The coefficient of diffusion obtained for the rapid chloride migration test
of UHPCs was 100 times lower than the minimum required for an

extremely high resistant concrete;
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It was possible to produce low binder UHPCs with the use of an inert
material and achieve the higher mechanical properties needed for the
material. Additionally, durability was enhanced by increasing the packing
density of the microstructure and reducing diffusion.

Mechanical properties should not be the only factor considered when
producing UHPCs with cement substitution. While there is a reduction in
the mechanical properties, it is compensated for by increasing the
durability of the UHPCs.
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5 USE OF BINARY AND TERNARY BLENDS OF GGBFS AND RHA FOR LOW
CEMENT PRODUCTION

This chapter presents the results for the mechanical and durability properties of
the low cement UHPC produced in Brazil. For this purpose, two different SCMs were
used: Ground Granulated Blast Furnace Slag (GGBFS) and Rice Husk Ash (RHA), to
compare different scenarios, respectively: i. Using a common SCM used for concrete
production and locally produced in the state of Minas Gerais, and ii. Using a less
conventional, more reactive SCM produced in a different region of Brazil.

Additionally, low cement UHPC mixtures were produced using a blend of
Portland Cement CP V, GGBFS, and RHA in different proportions. This was done to
enhance the properties of the low cement UHPC, providing a better balance between
the improvements offered by both GGBFS and RHA.

5.1 PARTICLE PACKING

Particle packing assessment was performed for the UHPC and low cement
UHPC, as seen in chapter 4.1. The particle packing assessment was performed using
the MAA model with the least squares method to determine the coefficient of
determination (R?), and the CPM model was used to calculate the real packing density
of the mixtures. Figure 5.1 and Figure 5.2 present the size distribution of the UHPC
and low UHPC mixtures, respectively, in relation to the ideal MAA curve.

Table 5.1 presents the results for the Brazilian UHPC mixtures. The MAA model
exhibits different behaviours compared to the GGBFS mixtures and the RHA mixtures.
First, for the GGBFS mixtures, a slight reduction of the R2 value is noticed from
mixtures going from 0.925 (REF) to 0.915 (GGBFS60) mixtures, meaning a reduction
of 1% in relation to the ideal particle size distribution provided by the MAA model. The
RHA mixtures show a higher decrease in the R? values. The difference is mainly due
to the size distribution and density of RHA in relation to GGBFS.



Table 5.1 — Packing density of the Brazilian UHPC mixtures

82

R2

Mixture P
REF 0.925 0.673
GGBFS20 0.923 0.670
GGBFS40 0.919 0.667
GGBFS60 0.915 0.664
RHA20 0.879 0.673
RHA40 0.791 0.672
RHAGO 0.689 0.668

Table 5.2 presents the results for the low cement UHPC mixtures. Results show

decreasing values of both R2 and ¢, indicating that the size distribution of the mixtures

is deviating from the ideal distribution for self-compacting concretes, which worsens

workability. Additionally, the packing density is lower, resulting in increased water

demand.

Table 5.2 — Packing density of the low cement UHPC mixtures

RZ

Mixture ¢

REF 0.925 0.660
GGBFS80 0.911 0.657
72/08 0.903 0.653
64/16 0.894 0.650
56/24 0.883 0.647
48/32 0.871 0.644
50/05 0.860 0.640

Figure 5.1 Size distribution of the UHPC dry mixtures and MAA curve — Brazil
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Figure 5.2 — Size distribution of the low cement UHPC dry mixtures and MAA

curve
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5.2 FLOW TABLE

Flow table tests were conducted to evaluate the effects of various SCMs on the
workability of UHPC. The results are shown in Figure 5.3 for the UHPC mixtures and
Figure 5.4 for the low cement UHPC mixtures. The results show a clear difference
between the mixtures produced with GGBFS and the ones produced with RHA as a
replacement for recement.

First, when cement is replaced by GGBFs, the workability is improved and the
flow table spread increases from 36 cm in the REF mixture to 36 cm, 38.3 cm and 40.3
cm for the GGBFS20, GGBFS40 and GGBFS60 mixtures, respectively. This is a direct
result of the dilution effect when cement is replaced by GGBFS, which increases the
effective w/c ratio.

The opposite is noticed for the RHA mixtures. As the cement substitution by
RHA value increases, the spread values from the flow table test decrease, resulting in
poorer workability for the mixtures. That is a result of the higher porosity of the RHA
particles. With the higher porosity, the particles absorb part of the water, decreasing
the effective wi/c ratio and increasing the water demand.

The opposite effects of GGBFS and RHA on the workability of UHPCs are more

noticeable for the blended low cement UHPC mixtures, presented in Figure 5.4. The
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GGBFS80 mixture presented the highest value of 42 cm. When the GGBFS is
gradually replaced by RHA in percentages up to 50%, the flow table values are reduced
to 36.5 cm.

Flow Table (cm)
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Figure 5.3 — Flow table results of the UHPC mixtures — Brazil
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Figure 5.4 — Flow table results of the low cement UHPC mixtures
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5.3 MECHANICAL PROPERTIES

The mechanical properties of the UHPCs incorporating partial cement
replacements with GGBFS and RHA were evaluated at 1, 3, 7, 28 and 56 days of age.
The results are presented for compressive strength (Figure 5.5), flexural strength
(Figure 5.7), and modulus of elasticity (Figure 5.9). Notably, all mixtures exceeded the
minimum compressive strength for UHPCs, established at 120 MPa.

A reduction in compressive strength is observed at the first ages of the UHPC
mixtures containing GGBFS and RHA. This smaller strength is a result of retarded
hydration due to the absence of a considerable portion of Portland cement in the
mixtures. However, due to the reactivity of the SCMs, the values of compressive
strength are comparable with the REF mixture 7 days after casting.

At 28 days of age, different trends were observed for the results of compressive
strength for GGBFS and RHA. For GGBFS, the compressive strength results were
found to be quite similar for the mixes GGBFS20 (147.6 MPa), GGBFS40 (149.7 MPa)
and GGBFS60 (151.4 MPa) in relation to the REF mixture (156.3 MPa), with variations
of 5%, 4% and 3% respectively. This slight reduction indicates that early strength
development remains largely unaffected by the inclusion of GGBFS.

In contrast, RHA-substituted mixtures displayed more noticeable early-age
strength reductions. Specifically, RHA20 and RHA40 achieved compressive strengths
of 149.2 MPa and 149.7 MPa, representing 5% and 7% declines, respectively. In
contrast, RHAGO exhibited a more substantial 12% decrease, with a compressive
strength of 137.3 MPa. These reductions are attributed to the porous nature of RHA
particles, which absorb water and temporarily retard hydration.

By 56 days, all mixtures demonstrated significant improvements in compressive
strength relative to the REF mixture. The REF mixture showed no sign of compressive
strength improvement from 28 to 56 days.

The GGBFS mixtures maintained their trend of comparable performance across
replacement levels, achieving strengths of 171.6 MPa (GGBFS20), 169.3 MPa
(GGBFS40), and 172.6 MPa (GGBFS60). These values represent 10%, 8% and 11%,
respectively, reflecting an increase of 15% from their respective 28 day strength.

This behaviour can be attributed to a combination of improved workability, as

observed in flow table tests, resulting in reduced porosity and a denser microstructure,
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along with the hydraulic activity of GGBFS (Pal, Mukherjee, &. These mechanisms
together compensate for any weakening due to cement dilution.

For RHA, the 56-day results showed a substantial improvement in compressive
strength. Comparing to REF, mixtures RHA20, RHA40 and RHAG0 improved the
compressive strength by 13%, 20% and 4%, respectively. The results are 18%, 27%
and 16% higher than the 28 days test results. The slower strength improvements for
RHA mixtures are largely due to the gradual release of absorbed water from porous
RHA particles, which prolongs hydration, and the filler effect of its fine particle size and
high surface area, enhancing packing density. However, higher substitution for the
RHAG0 mixture results in diminished workability and increased porosity, limiting
strength gains.(Park; Kwon; Wang, 2016).

This water is then gradually released, improving the strength development over
the time (Van Tuan et al., 2011b; Yang; Deng; Chen, 2025). Additionally, the filler effect
plays an important role when RHA is used, since the material possesses high specific
surface area and a fine size distribution (Van Tuan et al., 2011b).

The overall results indicate that RHA is a better option for enhancing the strength
development of UHPCs, achieving a maximum value of 186.7 MPa, compared to
GGBFS, which presents a maximum strength of 169.3 MPa. This is not observed for
the 60% replacement mixtures. Despite RHAG60 showing a higher strength
development from 28 to 56 days, with 162.4 MPa, the maximum value of 172.6 MPa
is obtained from the GGBFS mixture. This is most likely the result of a less porous

matrix from the better workability the GGBFS mixtures, as seen in Figure 5.3.
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Figure 5.5 — Compressive Strength the UHPC mixtures
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Figure 5.6 presents the compressive strength of the low cement UHPC
mixtures. The low cement UHPC mixtures were labelled based on the GGBFS/RHA
proportions. The mixtures were based on the GGBFS80 mixtures. Therefore, all the
low cement UHPC mixtures were produced with a cement content of 180 kg/m?3.

Since 80% of cement have been replaced by GGBFS and RHA, the smaller
compressive strength as result of the slower hydration due to the lack of cement is
more noticeable for the low cement UHPC. All the produced mixtures showed results
smaller than 10 MPa, and the smallest value being 4.2 MPa for the GGBFS80 mixture.

As seen for the UHPC mixtures, results indicate that the hydration is also slowed
due to the porous nature of the RHA. When GGBFS is replaced with RHA, the strength
development is slowed down to a point where mixture 40/40 is not able reach 120 MPa
at 28 days of age, thus, not being classified as UHPC. The base GGBFS80 mixture
presented a reduction of 18% of the compressive strength in relation to the REF
mixture.

At 56 days, the compressive strength of the low cement UHPC mixtures surpass
150 MPa, with mixture 48/32 presenting 158.7 MPa, a value 2% high than the REF
mixture for the same period, with 80% less cement. In relation to GGBFS80, which
presented compressive strength of 144.8 MPa, this is represents a 9% improvement.
This highlights the potential of low cement UHPC, since the compressive strength

might keep improving after 56 days.
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Figure 5.6 — Compressive Strength of low cement UHPC
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Figure 5.7 presents the results for Flexural Strength of the UHPC at 1, 3, 7, 28
and 56 days of age. The results for GGBFS and RHA follow the same patterns at both
28 and 56 days of age. The values for flexural strength reach the maximum values of
28.1 and 27.2 MPa for GGBFS and RHA40, respectively, at 28 days of age, and 31.5
MPa and 27.5 MPa at 56 days of age. The maximum values for both testing ages are
obtained at substitution values of 20%.

Alongside the formation of secondary CSH provided by SCMs, the pore
refinement and better packing density obtained with a better workability play an
important role in the flexural strength results. That can be observed by comparing the
results between GGBFS and RHA. The improvements in Flexural Strength for the
GGBFS mixtures are more noticeable than for the RHA mixtures, aligning with the
results of workability of the flow table test. The better workability of GGBFS results in
a denser microstructure in relation to the RHA mixtures, which explains the higher

values for Flexural Strength.
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Figure 5.7 — Flexural Strength of the UHPC mixtures
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Figure 5.8 — Flexural strength of low cement UHPC mixtures
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Figure 5.9 presents the results for the modulus of elasticity. Results suggest
GGBFS is more effective in preserving the Modulus of Elasticity than RHA. The
reduction of the modulus of elasticity of the RHA mixtures could be attributed to the
worst packing density and higher heterogeneity of the microstructure due to the higher
porosity and water demand of the RHA.
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Figure 5.9 — Modulus of elasticity of the UHPC mixtures
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Figure 5.10 — Modulus of Elasticity of low cement UHPC
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Summarizing, the incorporation of GGBFS and RHA as partial cement

replacements in UHPC influence the mechanical properties in different ways. GGBFS

provides consistent improvements across compressive strength, flexural strength, and

modulus of elasticity, largely due to enhanced workability and continuous hydration.

RHA, while delivering superior compressive strength gains up to 40%, compromises
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elastic stiffness and early-age performance due to its porous characteristics and water

absorption behavior.
5.4 WATER ABSORTPION

Results for water absorption are presented in Figure 5.11 for the Brazilian UHPC
and Figure 5.12 for the low cement UHPC. For the GGBFS mixtures, results show the
same trend observed for the compressive strength results. There is a low variation
between the results, regardless of the increasing ratio of cement substitution. A value
of water absorption of 0.80% is obtained for the REF mixture, which decreases to
slightly smaller values of 0.64%, 0.71% and 0.73% for mixtures GGBFS20, GGBFS40
and GGBFS60, respectively.

The almost constant values could be a result of two factors: first, the similar size
distribution and density between cement and GGBFS could result in good particle
packing and lower porosity. The better workability observed in the flow table test results
in a denser mixture, with better compaction, fewer voids and lower permeability.

For RHA, the values of water absorption increase as the RHA percentage
increases to 1.12%, 1.15%, and 1.69% for mixtures RHA20, RHA40, and RHAGO,
respectively. Since the RHA particles fill the voids between the cement particles,
increasing the packing density of the mixtures, it's expected that the water absorption
would reduce for the RHA mixtures. It's possible to assume that the higher absorption
is an indication of the hygroscopic nature of RHA, increasing the absorption of
concretes, as pointed out by Su and Xu (2023) (Su; Xu, 2023).

The combined effect of GGBFS and RHA is observed for the low cement UHPCs
in Figure 5.12. The absorption starts to increase to 1.29% for the GGBFS80 mixture
due to the higher volume of GGBFS. The improved workability and compaction are not
enough to compensate for the changes in packing density at such a high substitution
rate. When RHA is included in the mixtures, the values keep increasing up to a value
of 3.67% for the 48/32 mixture, indicating a higher influence of RHA’s porosity in the

results.



92

Figure 5.11 — Water absorption of UHPC — Brazil
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Figure 5.12 — Water absorption of low cement UHPC

4.50
4.00
|

3.50 1

nNoow
g O
o O
—t—

i
HH

N
o
S

3.67

ul
o
2.99

Water Absortpion (%)
'_

HH
2.27
2.48

BN
o
o

1.29

0.50

0.80 ——

0.00

REF GGBFS80 72/08 64/16 56/24 48/32

5.5 RAPID CHLORIDE MIGRATION

Chloride migration tests were conducted on the UHPC and low cement UHPC
specimens at 28 days of age. The results are presented in Figure 5.13 for UHPC
mixtures and Figure 5.14 for low cement UHPC mixtures, with the exception of the
40/40 mixture, which did not meet the required compressive strength at 28 days to be
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classified as UHPC. However, it had a remarkable value considering its low cement
content.

First, for UHPC mixtures, a reduction in the Drcm coefficient is noted for all the
mixtures with cement replacement by GGBFS or RHA. The REF mixture presents a
value of 7.90 x 10-* m?/s, which is 100 times lower than the standard values from the
chloride resistance classification presented in table Table 2.9.

The values of Drem of the GGBFS mixtures reduced in a trend similar to what
was observed compressive strength and water absorption: the variations between the
values from mixtures GGBFS20 (6.92 x 10-'* m?/s), GGBFS40 (6.67 (x 10-'* m?/s) and
GGBFS60 (7.02 x 10" m?/s) are too small considering the amount of cement
replacement and the high variability showed by the standard deviation values. This
behaviour could be a combination of different factors: i) the better workability observed
in the flow table test and the lack of variation of values in the water absorption tests
could indicate a better resistance due to lower permeability of the UHPC mixtures; ii)
the binding capacity is increased by the higher amount of Al203 (Table 3.1) of the
GGBFS in relation to cement.; iii) the CHS content is reduced due to cement
replacement and not enough time has passed for the formation of additional CSH by
the pozzolanic reactions of GGBFS.

Regarding the RHA mixtures, there is a clear reduction in the Drcm values when
cement replacement is increased. For mixture RHA20 (20%), a value of 7.30 x 104
m?/s, closer to the REF mixture, is obtained. Then, as the RHA content increases, the
Drem values decrease for 5.47 x 107'* m?/s and (RHA40) and 2.53 x 10" m?s.
Montazeri et al. (2025) (Montazeri et al., 2025) attributes the improved resistance to
chlorides as an indicator of the combined action of pore refinement caused by the filler
effect from the RHA and the increased binding capacity from the formation of additional
CSH in the pozzolanic reactions. At 28 days of age, not enough additional CSH was
formed to justify the pore refinement for the mixtures. Additionally, RHA ins mainly
composed by amorphous silica and doesn’t have alumina to improve the binding
capacity of UHPC.
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Figure 5.13 — Drcm values for UHPC mixtures — Brazil
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For the low cement UHPC mixtures, the results confirmed the previous trend,
and the Drcwm values are shown to decrease as the portion of RHA increases in the
mixes. Initially, the GGBFS80 mixture presented a value of (6.32 x 10-'* m?/s) , which
is similar to the previous GGBFS mixtures. Considering that the GGBFS80 mixture
presented the highest water absorption values among all GGBFS-UHPC mixtures, this
could indicate that the higher percentage of GGBFS is acting to bind the free chloride
ions, thereby preventing the reduction of chloride resistance.

When RHA is inserted into the mix as a replacement for GGBFS, the Drcm
values start to decrease to 5.07 x 10-* m?/s for the mixture 72/08. The mean values
for the mixtures 64/16 and 56/24 then increased to 5.55 x 10-'* m?/s and 6.12 x 10"
m?/s, respectively, but were still lower than the mean value for the GGBFS80 mixture.

Due to the high variability of the RCM test and the extremely low Drcm values
found for UHPCs, it’s possible that the behavior for mixtures 72/08, 64/16 and 56/24
followed the same trend as the observed for the UHPC mixture  es, indicating no
real variation for the Drewm values. Finally, for mixture 48/32, a Drewm value of 2.58 x 10-
14 m?/s was obtained, indicating a reduction in relation to the 72/08 mixture and a
higher effect of RHA than GGBFS in the chloride resistance.

This higher resistance obtained for mixtures containing RHA may be caused by
the adsorption of the free chlorides by unreacted RHA particles due to their high SSA

and high percentage in concrete mixtures. As time passes and the RHA particles
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release water, new particles are hydrated, enabling he pozzolanic reactions and
reducing this adsorption capacity. This is indicated by the results at 56 days presented
in Figure 5.14. The 48/32 mixture is the only mixture to exhibit a noticeable reduction
in the Drem value. At 56 days, there are fewer unreacted RHA particles for the

adsorption of the free chlorides, increasing the Drcwm value.

Figure 5.14 — Drcm values for low cement UHPC mixtures
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The overall results of UHPC and low UHPC mixtures showed improvements in
the Drem values in relation to the REF mixture, indicating the durability advantages of
high cement replacement in UHPCs. The higher variability of the RCM test makes it
difficult to differentiate results due to the higher standard deviation. Despite that, all the
results are found to be 100 times lower than the expected for concretes with high
resistance to chloride attacks. Therefore, even if reductions in chloride resistance

would still be classified as extremely high resistant to chlorides.
5.6 GGBFS VS RHA VS LP

In this section, the Brazilian and German mixtures, seen in Chapter 4, are
summarized. Since the mixtures differ, results are normalized in relation to the
reference mixtures from both countries. Figure 5.15 presents results for the
compressive strength at 28 days and Figure 5.16 presents the results for the Drewm
values at 28 days.
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For the variations in compressive strength, GGBFS showed the smallest values,
with @ maximum reduction of 18% for 80% cement substitution. This was followed by
RHA, which showed a 12% reduction for 60% cement substitution, and LP, which
showed a 20% reduction for 40% cement substitution. The smaller reduction in
compressive strength of GGBFS mixtures is caused by the combination of the
hydraulic activity and the pozzolanic reactions of the material, which compensates for
the dilution effect of the cement. RHA presents higher variations at 28 days due to the
combination of cement dilution and water absorption, slowing down hydration. LP, due
to its inert nature, presents the highest variations of the three materials.

Moving on to the results of durability, the highest variation, which in this case
corresponds to the greater increase in durability, was found for the RHA mixtures. In
this case, the Drcm value is reduced to 68% for a 60% substitution of cement with RHA.
GGBFS is the material that has the least impact on the Drem values, with a maximum
reduction of 20% achieved with 80% cement replacement. The LP mixtures exhibited
unusual results, with an initial reduction of 61% in Drcm for a 10% substitution of
cement, followed by increasing values from 20% to 40% substitution.

Considering that all mixtures reached the threshold of 120 MPa for cement
contents between 180 kg/m® and 475 kg m?, it is possible to utilize any of the materials
for the production of UHPCs with a reduced cement content. However, considering
mechanical and durability performance, GGBFS and RHA are more suitable due to the
possibility prolonged hydration and improvement of compressive and durability

properties to values higher than the reference after 28 days.
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Figure 5.15 — Variations in compressive strength and 28 days — Brazil vs
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5.7 FINAL REMARKS

The research presented in this section aimed to determine the mechanical

properties and chloride coefficient of diffusion for UHPCs and low cement UHPCs

produced in Brazil. Based on the results, the following conclusions were drawn: It was
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possible to produce concrete mixtures with cement replacement levels of up to 80%,

resulting in low cement UHPCs with a cement consumption of 180 kg/m3. For

mechanical properties, compressive strength, flexural strength and modulus of

elasticity tests were conducted. A rapid chloride migration test was conducted to

determine the chloride coefficient of diffusion for the mixtures. Additionally, water

absorption tests were conducted to determine the permeability to water of the mixtures.

From the results, the following conclusions were drawn:

It is technically viable to produce low cement UHPCs with materials
currently available for acquisition in the Brazilian market;

GGBFS and RHA present different behaviours for the use as cement
replacement in UHPCs. GGBFS provides higher initial strengths due to
its hydraulic activity, along with good strength development for its SiO2
content;

Due to the porous nature of RHA, it was not possible to produce low
cement UHPC mixtures with 80% of cement replacement for RHA. The
porosity led to higher demand for superplasticizer in the mixtures, which
compromised the setting time and the hardening of the specimens after
24 hours;

GGBFS is a more stable material for the production of low cement
UHPCs. With the increased hydraulic activity, combined with the
improvement in workability of UHPCs, it was possible to achieve cement
replacements of up to 60% without negatively affecting the compressive
strength of concretes. An 18.3% reduction in compressive strength was
observed for the 80% replacement. However, this reduction is much
lower than the percentage of cement replacement, and the mixture
achieved the minimum requirements to be classified as UHPC;

Low cement mixtures present outstanding compressive strength.
However, the strengths obtained at early ages are low, and
improvements are needed to achieve more adequate values for ages up
to 7 days. Further studies are necessary to improve the early-age
strength of low cement UHPCs;

Unlike the REF mixture, UHPC mixtures with GGBFS and RHA present

a strength development after 28 days of age due to the pozzolanic
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reactions of the SCMs. This strength development indicates that ages
older than 56 days can be considered for the development of new UHPC
structures.

Very low variations are observed for compressive strength, water
absorption and Drcwm values of the GGBS mixtures. This indicates that
the GGBFS is not able to bind the free chloride ions, and the lower
diffusion is more efficient than the binding capacity of the GGBFS used;
The water absorption results decrease when the RHA content increases
in the UHPC mixtures, indicating a higher permeability. However, the
smallest Drem results are obtained for mixtures with a higher content of
RHA. This suggests that, despite the higher water absorption, the higher
absorption values may be attributed to the higher porosity of the RHA
particles, rather than to the higher porosity of the UHPC mixtures.

The higher SSA of RHA increases the resistance to chlorides at early
stages by the adsorption of the free chlorides. Then, when the pozzolanic
reactions occur, fewer RHA particles are available, reducing the role of
adsorption and increasing the role of pore refinement and chemical
adsorption by CSH.
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6 SERVICE LIFE OF UHPCS

In this section, the service life of UHPCs under chloride attack was calculated
using Thick’s Second Law of Diffusion. A comparative assessment was performed
between UHPC mixtures and conventional concrete. The conventional concrete was
set as having a Drewm value of 2.5 x 102 m?/s, which classified it as “Extremely high”

resistant to chlorides in Table 2.9. A period of 150 years was set for the simulations.
6.1 BRAZIL: CEMENT SUBSTITUTION WITH GGBFS AND RHA

Figure 6.1 presents the probability of corrosion for CC and the REF mixtures of
the Brazilian part of this research. For a period of 150 years, and a minimum cover
depth of 55 mm, the service life of extremely high resistant CC structures was
calculated to be 7.7 years, while the REF mixture didn’t reach 0.1% probability of

corrosion after 150 years, setting its service life as 150 years.

Figure 6.1 — Probability of corrosion of CC vs UHPC
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The huge difference in scale between CC and UHPC makes it impossible to
analyze graphically the results. Therefore, Figure 6.2 presents the probability of
corrosion only for UHPCs. Even lower probability of corrosion is found for UHPC
mixtures with cement replacement by GGBFS (GGBFS20, GGBFS40, GGBFS60),
RHA (RHA20, RHA40 and RHAG0) and for the low cement UHPC mixtures (GGBFS80,
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72/08, 64/16, 56/24, 48/32). This was expected, given the higher durability observed
in the rapid chloride migration tests (Chapter 5.5).

Figure 6.2 — Probability of corrosion of UHPCs — Brazil
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It's reasonable to assume, due to the extremely low probability of corrosion, that
the service life of UHPCs is considerably higher than that. Additionally, lower cover
depths can be considered for UHPC. For this purpose, calculations were performed
using cover depths lower than the minimum required for UHPCs. For this, the service
life of the REF mixture was calculated for cover depths ranging from 30 mm to 55 mm.
Results are presented in Figure 6.3. Results show that UHPC does not reach a 10%
probability of corrosion even with cover depths lower than the standard
recommendations. For this research, a maximum probability of 4.9% of corrosion after
150 years was reached.

In comparison to CC, which requires a higher cover depth for an acceptable
service life, UHPCs can withstand lower depths with a high service life of 150 years.
Thus, cover depths up to 30 mm could be used for UHPC structures, which would

reduce significantly concrete consumption in relation to CC structures.
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Figure 6.3 — Probability of corrosion of UHPC for different cover depths

5.0 |
30 mm
4.5 1 35 mm
—_ 40 mm
54'0 | 45 mm
c —50 mm
3.5 A
-8 55 mm
£ 3.0 1
8
w 2.5 1
o
EZ.O .
S 15 -
[
a 1.0
0.5 - |
00 T T T T T T 4:
0 25 50 75 100 125 150

Period (years)

6.2 GERMANY: CEMENT SUBSTITUTION WITH LP

Service life assessment for the German UHPC mixtures followed the same
procedures as the Brazilian assessment shown in chapter 6.1. Results are presented
in Figure 6.4 for the comparison between CC and UHPC and Figure 6.5 for all the
UHPC mixtures.

For the same period of 150 years and a cover depth of 55 mm, CC presented a
10% probability of corrosion for 35 years, setting this value as the service life. For the
REF mixture, a 0% probability of corrosion was obtained for the same period of
simulation. The same probability was obtained in Figure 6.5 for the LP-UHPC mixtures.
Thus, a service life of 150 years was determined for the UHPC mixtures.

Figure 6.6 shows the probability of corrosion for different cover depths. A
probability of initiation of corrosion of 0.046% was obtained after 150 years for the REF
mixture for a cover depth of 30 mm, which guarantees a service life of 150 years for
all the mixtures produced in Germany.
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Figure 6.4 — Probability of corrosion of CC vs UHPC- Germany
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Figure 6.6 — Probability of corrosion of UHPC for different cover depths —

Germany
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6.3 FINAL REMARKS

This section calculated the service life for UHPC structures using Thick’s
Second Law. The service life assessment used a probabilistic model provided by the
Duracon software, which calculated the probability of corrosion for a period of 150
years. Initially, a cover depth of 55 mm was chosen as a minimum requirement.
However, a probability of corrosion lower than 10% over 150 years was calculated for
all the mixtures. Afterwards, depths lower than the minimum were tested, ranging from
30 mm to 50 mm in increments of 5 mm. Still, a probability of corrosion lower than 10%
was calculated. Thus, a service life of 150 years was determined for all the mixtures.

From the results, the following conclusions are drawn:

e Even when the coefficient of diffusion was reduced, the obtained
probability of corrosion was significantly lower than 10%. Thus, solutions
that may worsen the durability of UHPCs might still result in outstanding
service life values;

e The probability of corrosion for German UHPCs was lower than for
Brazilian UHPCs. This result is a combination of the lower Drcwm values
calculated for the German mixtures and the lower temperature of 10°C,

which decreases the chloride migration rate;
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UHPCs allow the construction of structures with cover depths lower than
the minimum requirements determined by standards, whereas higher
values were needed for higher service lives of CC structures. For a cover
depth of 30 mm, probabilities of corrosion of 4.86% and 0.046% were
obtained for Brazilian and German UHPCs, respectively;

Models with higher precision for simulations of 150 years are needed to

estimate the service life of UHPCs with higher precision;
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7 LIFE CYCLE ASSESSMENT OF UHPCS

The main objective of this chapter is to calculate and compare the environmental
impacts of the UHPC mixtures produced in Brazil and Germany. The many differences,
such as materials, mixtures, transportation distances and source of energy were taken
into account to understand the importance of regionalization of LCAs considering not
only the different processes, but also the different limitations on producing UHPC. All

the results are presented in Appendix B.
7.1 GERMANY

The normalized results for the German UHPC are presented in Figure 7.1. The
overall results show a reduction in the environmental impacts as LP replaces cement.
The use of concretes with lower cement contents and higher levels of substitution by
LP is aligned with the efforts to preserve natural resources and reduce the

environmental impact of the concrete industry (Radovic et al., 2022).

Figure 7.1 — Normalized environmental impacts of UHPC — Germany
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7.1.1 CO2 emissions of German UHPC

The LCA results for the German UHPC are presented in Figure 7.2. Replacing
cement with LP in UHPC mixtures significantly reduced the CO2 emissions of the
mixtures. The REF mixtures obtained the highest value of 964 kgCO2eq. When LP was
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added to the mixtures, CO2 emissions reduced to 890 kgCO2eq (8%), 817 kgCO2eq
(15%), 744 kgCO2eq (23%) and 671 kgCO2¢eq (31%) for mixtures LP10, LP20, LP30
and LP40. presents a comparison of CO2 emissions for the production of 1 kg of
cement and LP. The CO2 emissions from LP are caused mainly by transport impacts,
and the impacts due to LP are attributed to the quarrying of limestone. Cement
production not only incorporates those impacts but also accounts for the carbon-
intensive process of calcination of limestone.

A second factor influencing CO2 emissions is the transport impact caused by
materials, accounting for 21% of the REF mixture, 22% of LP10, 23% of LP20, 24% of
LP30, and 26% of LP40. As showed in Table 3.12 (Chapter 3.9.2), the average
transport distances for the German UHPC materials was 370 km. This highlights the

importance of selecting locally available materials.

Figure 7.2 — CO2 emissions of UHCPs — Germany
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Figure 7.3 — CO2 emissions of Cement and LP
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7.2 BRAZIL

The LCA results are presented for all the impact categories present in the Impact
World + Methodology, as shown in Table 3.13. The results are presented in Figure 7.4
for UHPCs and in Figure 7.5 for low cement UHPCs.

The normalization of the results was performed by taking the results for the REF
mixture as a reference point. Results show that many of the impact categories exhibit
a similar trend of reduced impacts as cement is replaced by SCMs. As expected,
cement is the main contributor for the environmental impacts in UHPCs, what is already
known for concretes. The difference of UHPCs is in the higher consumption increasing
the proportion of cement emissions in relation to the total emissions.

A few categories were selected for a closer assessment, the first being “climate
change, short term”, which correspond to the CO2 emissions, one of the main concerns
that motivated this thesis. Furthermore, some categories exhibited increasing values
caused by the utilization of GGBF and/or RHA, making it necessary to evaluate the
reasons for that.

The results of all the impact categories are available in Figure 7.4.
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Figure 7.4 — Normalized environmental impacts of UHPC — Brazil
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7.2.1 CO2 emissions of Brazilian UHPC

The “climate change, the short term” category (0 — 100 years) was chosen for
the assessment of the CO2 emissions. Results are presented in Figure 7.6 for UHPC
and Figure 7.7 for low cement UHPC.

The REF mixture presents a value of 810 kgCO2eq. When cement is replaced
by GGBFS, the CO2 emissions reduce to 771 kgCO2eq (5%), 733 kgCO2eq (10%) and
694 kgCO2eq (15%) for mixtures GGBFS20, GGBFS40, and GGBFSG60, respectively.
As shown in Figure 7.6, the proportion of CO2 emissions due to GGBFS production
increases to levels close to those of cement. It could be expected that GGBFS should
present greater reductions in CO2 emissions. However, due to the demand caused by
the cement industry, GGBFS is considered a byproduct of iron production. Thus, part
of the total emissions from pig iron production are allocated and shared by GGBFS.

The same does not apply to the RHA mixtures. The CO2 emissions calculated
for the RHA mixtures are 728 kgCOz2eq (10%), 642 kgCO2eq (21%) and 563.7
kgCO2¢eq (30.4%) for mixtures RHA20, RHA40 and RHAGO, respectively. Since RHA
is a byproduct of a less impactful process and its use is not as widespread as GGBFS,
only the environmental impacts associated with burning and transporting are
considered. This makes RHA a greener option than GGBFs, reducing the CO:
emissions of UHPC mixtures.

Figure 7.8 shows the difference of CO2 emissions for the production of 1 ton of
the three binders used: Cement, GGBFS and RHA. There is a clear difference in CO2
emissions between the materials. Cement has the highest impact at 716.7 kgCO2eq,
while GGBFS reduces emissions significantly to 410.8 kgCO2eq, and RHA has low
emissions of 3.1 kgCO2eq due to energy consumption.

However, the great transportation distance has a significant impact on the CO2
emissions of RHA. Transportation accounts for 5% of the CO2 emissions of the REF
mixture, whereas it represents 12%, 21%, and 39% for mixtures RHA20, RHA40, and
RHA, respectively. This highlights the importance of not only the regionalization in
LCAs, since the location has a significant impact on the results, but also for the use of
locally available materials in UHPCs.

The combined effects of GGBFS and RHA in low cement UHPCs highlight the
differences between the two materials. First, for the GGBFS80 mixture, the result is
655 kgCO2eq, a reduction of 19% in relation to the REF mixture. When RHA is added,
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CO2 emissions are reduced; however, this reduction is slight due to the increased
emissions associated with transport. The CO2 emissions are reduced 638 kgCO2eq
(21%), 621 kgCO2eq (23%), 603 kgCO2eq (26%), 586 kgCO2¢eq (28%) for mixtures
72/08, 64/16, 56/24 and 48/32, respectively.

From an environmental perspective, transportation emissions from a low carbon
SCM, such as RHA, are more favorable than those resulting from high-impact
processes, such as GGBFS. However, the results could have been lower if a similar

material from a closer location had been used in the production of UHPCs.

Figure 7.6 — CO2 emissions of UHCPs — Brazil
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Figure 7.7 — CO2 emissions of low cement UHPC
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Figure 7.8 — CO2 emissions of Cement, GGBFS and RHA
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Moving on to the impact categories that showed increased values when GGBFS
was present in the UHPC mixtures. Results are presented for Freshwater Ecotoxicity
(Figure 7.9), Freshwater Eutrophication (Figure 7.10), Human Toxicity Cancer (Figure
7.11) and Mineral Resources Use (Figure 7.12).
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For Freshwater ecotoxicity, the emission values increased by 14%, 28%, and
42% for mixtures GGBFS20, GGBFS40, and GGBFS60, respectively. Freshwater
Eutrophication increased by 108%, 216% and 324%. The negative effects of slags in
water-related categories have also been reported by Orozco et al. (2024) and Salim et
al. (2025). Both results are consequences of the water-intensive granulation process
of slags (Silva; Saade; Gomes, 2013).

Regarding Human Toxicity Cancer, the higher values in GGBFS emissions have
been observed by Orozco et al. (2024). It's likely that this increase is caused by
emissions of hazardous materials in the production of GGBFS. Finally, Mineral
Resources Use values are a result of extraction of iron ore, a consequence of the

allocation of the environmental impacts of pig iron.

Figure 7.9 — Freshwater Ecotoxicity of GGBFS-UHPC
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Figure 7.10 — Freshwater Eutrophication of GGBFS-UHPC
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Figure 7.11 — Human Toxicity Cancer of GGBFS-UHPC
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Figure 7.12 — Mineral Resources Use of GGBFS-UHPC
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7.2.3 Negative effects of RHA

Six different categories showed increased values when RHA replaced cement:
fossil and nuclear energy use, freshwater eutrophication, human toxicity (cancer and
non-cancer), ionizing radiations, Land Transformation, biodiversity, and Ozone Layer
Depletion. The results are presented in Figure 7.13-Figure 7.16.

As shown in the LCI (Chapter 3.9.2), processes for electricity and transportation
were the only ones selected for the production of RHA. The proportions between the
processes are marked in the figures, showing an increased impact of transport when
the RHA percentage is also increased in the UHPC mixtures. The data show that high
transportation distances increase fossil energy use, resulting in toxic emissions that
impact multiple environmental categories.

Similarly to CO2 emissions, values could be lower than those of the REF mixture
if the transportation distance for RHA was shorter or if a similar, locally available

material was used in this research.
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Figure 7.13 — Energy use of RHA-UHPC
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Figure 7.15 — Human Toxicity non-cancer

3.E-05
m Cement u Silica Fume
m Quartz Powder Sand

= i m Water m Superplasticizer
5 3.E-05 mRHA ® Electricity
E ® Transport
@
3 2.E-05
c
©
13)
5
2 2.E-05
2
S
§ 1.E-05
c
©
£
I 5.E-06

0.E+00

REF RHA20 RHA40 RHAG0

Figure 7.16 — Land transformation, biodiversity of RHA-UHPC
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7.3 CO2 EMISSIONS OF UHPC VS CONVENTIONAL CONCRETES

To assess the state of CO2 emissions of the UHPC mixtures produced and
conventional concretes, a direct comparison between the UHPC mixtures produced
and CC (Silva et al., 2024) and HSC mixtures (Reis et al., 2025) available in the
literature was performed. Table 7.1 presents the mixtures considered.
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Table 7.1 — CC, HSC and UHPC mixtures

Material CcC HSC
Cement (kg/m?) 420 425
Sand (kg/m?3) 827 765
Gravel (kg/m?3) 814 990
Water (kg/m?3) 277 180
7.3.1 Brazil

Results from the comparative LCA are presented in Figure 7.17. CO2 emissions
of 366 kgCOz2eq and 382 kgCO2eq were obtained for CC and HSC, respectively, while
the REF mixture presented values of 850 kgCOz2eq. The CO2 emissions were 2.4 times
and 2.8 times higher than CC and HSC. This highlights the necessity of reducing
cement content in UHPCs to make the material more environmentally friendly.

Stengel and Schiel3l (2014) predicted that cement substitutions over 50%
should equalize the CO2 emissions of UHPC in relation to conventional concretes. This
was not confirmed in this study due to the nature of the materials used for cement
replacement. For the Brazilian UHPCs, the lowest values of CO2 emissions obtained
were 586 kgCO2eq for the 48/32 mixture, one of the low cement mixtures produced
with a blend of cement, GGBFS and RHA. This value was 1.7 and 1.6 times higher
than the CO2 emissions of CC and HSC.

Figure 7.17 — Brazilian UHPC vs Conventional Concretes
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Despite CO2 emissions still being higher for UHPC than conventional concretes,
even with cement substitution up to 80%, the higher performance of UHPCs remains
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an advantage when taking into account CC and HSC. For that, the efficiency of UHPC
was calculated and compared to that of CC and HSC. The values for cement efficiency
(BI) are presented in Figure 7.18 and Carbon efficiency (Cl) in Figure 7.19. The Bl and
Cl values are important indices for comparing different mixtures to account for
mechanical performance before structural design.

For cement efficiency, CC and HSC present the highest values compared to
UHPC mixtures, with 12 kg/m?®/MPa and 6.5 kg/m*MPa, respectively. The REF mixture
showed higher efficiency, despite having over twice the amount of cement as CC and
HSC. The lowest value was obtained for the low cement UHPC mixtures 64/16, 56/24
and 48/32, with 1.3 kgCO2eq/MPa, 89% lower than CC and 80% lower than HSC.

For carbon efficiency, values of 9.3 kgCO2eqg/MPa and 5.5 kgCO2eq/MPa were
calculated for CC and HSC, respectively. For the REF mixture, the calculated value
was 5.2. When cement was replaced, the lowest value of 4.1 kgCO2eqg/MPa. This
means that, even with higher values than CC and HSC, UHPC mixtures produce less
CO:2 emissions for each MPa. The Cl and Bl indices indicate the need to consider the
mechanical performance of UHPCs when comparing their environmental impacts to
those of CCs and HSCs.

Figure 7.18 — Cement Efficiency of UHPC - Brazil
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Figure 7.19 — Carbon Efficiency of UHPC - Brazil
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7.3.2 Germany

The results from the comparison between German UHPC mixtures and CC and
HSC are presented in Figure 7.20. Like what was observed for the Brazilian mixtures,
results were still higher for UHPCs than for CC and HSC, despite high values of cement
substitution. The CO2 emissions for CC and HSC were 510 kgCO2eq and 522
kgCOzeq, respectively, while the CO2 emissions for the REF mixture were 964
kgCO2eq. The obtained value for the REF mixture was 2.8 and 2.7 times higher than
the CO2 emissions for CC and HSC.

Despite not reaching the mark of 50% of cement substitution, it’s possible to say
that CO2 emissions were not close to CC and HSC even for that level of substitution.
LP is a low carbon material that has limited application as a cement replacement due
to its unreactive nature. For substitution rates of 50% or higher, compressive strength
values would be lower than 120 MPa, which wouldn’t classify the resulting concrete as
UHPC. For that, a reference mixture with a higher cement consumption would be
needed, which would increase the CO2 emissions even further due to cement

consumption and transportation.
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Figure 7.20 — German UHPC vs Conventional Concretes
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The Bl and Cl indices were determined for the German-UHPC. Like the previous
section, CC and HSC exhibited the highest value of Cl and BIl. The Bl value starts to
reduce for UHPC with 5.1 for the REF mixture, going down to 3.8 for the LP40 mixture,
a value 68% and 42% lower than the values of CC and HSC, respectively. For ClI, the
smallest value calculated was 3.8, also for the LP40 mixture, which was 62% lower
than CC and 31% lower than HSC.

Figure 7.21 — Cement Efficiency of UHPC — Germany
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Figure 7.22 — Carbon Efficiency of UHPC — Germany
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7.4 BRAZILIAN VS GERMAN UHPC

In this section, the comparison between Brazilian and German UHPCs was
performed. For that, the REF mixtures from Brazil and Germany were selected for an
initial comparison. Additionally, mixtures 58/32, which presented the best efficiencies
for each country, were also compared. The comparison was performed despite the
different mixtures since the availability and quality of materials were decisive factors in
the mix design of the UHPCs. The mixtures were produced with different cement
amounts, but with similar compressive strengths. Thus, they are already an indicator
of how different countries or continents influence the production of UHPCs.

Results are presented in Figure 7.23 for the REF mixtures and The CO2
emissions of Brazilian UHPC (850 kgCO2eq) were 15% lower than the German UHPC
(998 kgCO2eq, despite having a higher cement consumption: 900 kg of cement for the
Brazilian UHPC and 775 kg of cement for the German UHPC. This difference is caused
by CO2 emissions resulting from transportation. The Brazilian cement is produced in
a location 40 km away from Belo Horizonte, while the German cement is produced
over 500 km away from Munich, which increases the CO2 emissions considerably.

If CO2 emissions from transportation are not considered, the results for Brazil
and Germany are quite similar, which remains surprising given the higher cement

content in Brazilian UHPC. Figure 7.24 presents the CO2 emissions for the production
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of 1 ton of Brazilian Cement CPV and German Cement CEM I. This is due to the
difference in fuels used for clinker production. In Brazil, 15% of current consumption in
cement production has been used with alternative fuels, divided into waste and biofuels
(Visedo; Pecchio, 2019). This results in Brazilian cement emitting 24% less CO2 than

German cement, making it possible to produce greener UHPCs.

Figure 7.23 — Brazilian UHPC vs German UHPC

1400 u Cement = Sand
§ m Water m Electricity
) 1200 m Silica Fume ® Quartz Powder|
% mSP Transport
=
g 1000
e
8
'g 800
K=
; .
g 600
c
©
K
© 400
2
E
= 200
(&)

0
Brazil Germany
Figure 7.24 — CPV vs CEM |
1.2
= Transport
m Production
1.0

© o o
EN o o

Climate change, short term (kgCO2eq)
o
N

o
o

11

CEMI



125

7.5 FINAL REMARKS

An LCA was performed to calculate and analyze the environmental impacts of

the Brazilian and German mixtures, focusing on CO2 emissions and impact categories

that showed higher results when cement was replaced. A functional unity of 1 m3 was

used for LCA. From the results, the following conclusions were drawn:

GGBFS and RHA are viable materials for cement replacement, despite
their disadvantages. GGBFS carries some environmental impacts from
pig iron production and presents new impacts due to its own production
process, meanwhile RHA is a low carbon material, but with production
very far from the location chosen for this study, significantly increasing
the transport emissions;

LP is not a reactive material, which leads to higher drops in compressive
strength, limiting the percentage of substitution. However, its
environmental impacts are mostly from transportation, making it a good
option to reduce the environmental impacts of UHPCs;

The transportation impacts were definitive for the environmental impacts
in Brazil and Germany. This highlights the importance of choosing locally
available materials to produce greener concretes;

Brazilian UHPCs are greener than German UHPCs, despite the higher
cement content. This is a result of a combination of a greener production
of cement in Brazil, using biomass and alternative fuels for clinker
production and the geographical advantage of Belo Horizonte being
closer to the cement factory in Brazil than Munich in Germany. This
combination leads to the Brazilian UHPC having CO2 emissions 16%
lower than the German UHPC;

The values of CO2 emissions of the UHPCs produced in Brazil and
Germany were still higher than the values for CC and HSC. This was due
to the high embodied emissions and the long transport distances from
the SCMs. Therefore, two things are necessary to further reduce or
achieve the same level of CO2 emissions of conventional and HSC
concretes: i) using low carbon materials as a replacement for cement and
ii) selecting materials from a closer location to where the UHPC will be

produced. However, when the cement efficiency and carbon efficiency
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were taken into account, the efficiency from UHPCs was significantly
higher than that of CC and HSC,;

When the cement and carbon efficiencies are considered, the values for
UHPCs are much lower than the values calculated for CC and HSC. That
means that the environmental assessment of UHPCs is more accurate
when the mechanical performance is taken into account. The use of 1 m3
as the unity is more precise for conclusions when comparing different
UHPC mixtures;
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8 CONCLUSIONS

This thesis aimed to investigate the mechanical properties, durability properties,
service life and environmental impacts of UHPC when different materials replaced
cement. The research was carried out in two different countries: Brazil and Germany,
which made it possible to compare the characteristics and challenges of UHPC in the
different scenarios. Three materials with different characteristics were used to reduce
the cement content in the UHPC mixtures.

Tests for mechanical properties and durability properties were performed at
different ages to evaluate the strength development of the UHPC mixtures. Durability
tests were performed to determine. From durability tests, the service life of the UHPC
mixtures was determined by using Thick’s Second Law. Finally, the environmental
impacts of the UHPC mixtures were quantified, with a focus on CO2 emissions. From
the results, the following conclusions are drawn:

e |tis possible to reduce the cement content of UHPCs with low reductions
in compressive strength. However, lower cement contents can reduce
the early age compressive strength, and further research is necessary to
improve the strength development in the first days of UHPCs;

e Carbonation in UHPCs was not detected after 1 year of testing, even
when the alkaline reserve was diminished. This indicates that the high
density of the microstructure of UHPCs may play a bigger role by slowing
diffusion than the alkaline reserve provided by cement;

e Chloride resistance increases regardless of the material used for cement
substitution. All UHPC mixtures presented Drcwm values 100x lower than
conventional concretes;

¢ Negative effects on the mechanical and durability properties of UHPC
caused by cement reduction or substitution can be neglected, since these
properties are significantly higher than those of conventional concretes;

e The service life of UHPCs is at least 150 years through chloride corrosion
with cover depths equal to or higher than 30 mm. The use of lower cover
depths can lead to reduced environmental impacts by lowering concrete

consumption.;
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The 150 years’ service life was calculated by using models that might not
be precise for UHPCs. Models that account for the higher properties of
UHCPs should be used to obtain a more precise service life.;

Cement efficiency of UHPC is 2 to 10 times higher than conventional
concretes, and carbon efficiency is 2 times higher. These results suggest
that the environmental impacts of UHPCs should not be directly
compared to those of CCs or HSCs for a volume of 1 m? of concrete. The
outstanding properties obtained with UHPCs should be considered for
the comparison. For that, efficiency indexes or the design of structures
should be taken into consideration;

SCMs are more effective in reducing the environmental impact of UHPCs
if produced in a less carbon-intensive process. For that, subproducts or
waste for agricultural or mining industries might be eco friendlier than
common SCMs, such as fly ash and GGBFS;

Brazilian UHPC mixtures were produced with a higher cement content
than the German ones. Despite this, CO2 emissions for Brazilian
mixtures were lower than the values calculated for the German mixtures,
due to the use of alternative fuels in cement production. This highlights
the importance of regionalization of LCAs;

The higher properties of UHPC make testing with traditional standards
more difficult, with increased standard deviations. Changes in existing
standards or the creation of specific standards for UHPCs are necessary

for a better understanding.

8.1 FUTURE WORKS

UHPCs are still relatively new materials, with a wide range of research needed

not only to assess but also to improve their performance, especially in Brazil, where

research and production are not yet widespread. From the research presented in this

thesis, there are some recommendations for future work regarding UHPCs:

To test low cement UHPCs with very low cement, such as the ones
presented in this thesis, accelerated carbonation, which could indicate if
the high durability of UHPCs comes from the high alkaline reserve or from

its very dense microstructure;
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To determine the hydration from low cement UHPC structures in order to
identify the percentage of unreacted materials, opening chances to
optimize the composition with filler materials, and reducing the total
binding content;

To produce low cement UHPCs with more locally available materials;
To develop probabilistic models calibrated for UHPCs, allowing for
determining more precisely the service life of UHPC structures;

To determine cradle-to-gate LCA of new UHPC structures, considering
the calculated service life and the lower cover depths allowed by the
material;

To study the performance of low cement UHPC with alternative
reinforcement, such as FRP bars, in case of a higher risk of carbonation;
To use nanomaterials, such as carbon nanotubes, graphene oxide and

C-S-H seeds, to increase the early strength of UHPCs.
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APPENDIX A — APPARENT DENSTY OF UHPC SPECIMENS
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Figure A.1 — Apparent density of Brazilian UHPC
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Figure A.2 — Apparent density of Brazilian low cement UHPC
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Figure A.3 — Apparent density of German UHPC
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APPENDIX B — LCA RESULTS

Table B.1 — LCA results of Brazilian UHPC

Name REF GGBFS20 GGBFS40 GGBFS60 RHA20 RHA40 RHA60 GGBFS80
Climate change, long term 775.04 737.54 700.05 662.55 694.00 609.74 531.92 625.05
Climate change, short term 810.04 771.37 732.70 694.03 727.93 642.44 563.73 655.36
Fossil and nuclear energy use 6238.18  6283.35 6328.51 6373.67 6353.92 6430.69 6585.41 6418.84
Freshwater acidification 1.97 1.84 1.70 1.57 1.76 1.53 1.33 1.43
Freshwater ecotoxicity 84564.58 96352.45 108140.33 119928.20 81790.40 78082.55 76242.03 131716.07
Freshwater eutrophication 0.01 0.01 0.02 0.03 0.01 0.01 0.01 0.03
Human toxicity cancer 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Human toxicity non-cancer 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
lonizing radiations 741.00 762.85 784.70 806.55 753.20 759.80 777.61 828.40
Land occupation, biodiversity 20.43 19.33 18.23 17.13 20.73 20.62 21.32 16.04
Land transformation, biodiversity 0.11 0.12 0.13 0.13 0.13 0.14 0.16 0.14
Marine eutrophication 0.07 0.07 0.06 0.06 0.06 0.06 0.05 0.06
Mineral resources use 56.67 80.83 105.00 129.17 47.09 37.46 27.95 153.34
Ozone layer depletion 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Particulate matter formation 0.24 0.26 0.28 0.30 0.23 0.22 0.22 0.32
Photochemical ozone formation 2.28 2.07 1.87 1.67 2.04 1.80 1.58 1.47
Terrestrial acidification 2.12 1.97 1.83 1.69 1.89 1.65 1.44 1.54

Water scarcity 197.36 188.25 179.15 170.05 189.34 177.72 173.31 160.95




Table B.2 — LCA results of Brazilian low cement UHPC
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Name 72/08 64/16 54/24 48/32 40/40
Climate change, long term 607.65 590.21 572.81 555.48 537.96
Climate change, short term 638.00 620.60 603.25 585.97 568.49
Fossil and nuclear energy use 6447.26 6475.20 6503.63 6533.01 6559.99
Freshwater acidification 1.40 1.37 1.34 1.31 1.27
Freshwater ecotoxicity 125895.86 120064.12 114243.91 108446.75 102591.96
Freshwater eutrophication 0.03 0.03 0.03 0.02 0.02
Human toxicity cancer 0.00 0.00 0.00 0.00 0.00
Human toxicity non-cancer 0.00 0.00 0.00 0.00 0.00
lonizing radiations 824.57 820.67 816.84 813.15 809.11
Land occupation, biodiversity 16.60 17.15 17.71 18.28 18.83
Land transformation, biodiversity 0.14 0.15 0.15 0.16 0.16
Marine eutrophication 0.06 0.06 0.06 0.05 0.05
Mineral resources use 139.84 126.34 112.85 99.35 85.86
Ozone layer depletion 0.00 0.00 0.00 0.00 0.00
Particulate matter formation 0.31 0.30 0.29 0.28 0.27
Photochemical ozone formation 1.46 1.44 1.43 1.42 1.41
Terrestrial acidification 1.51 1.48 1.45 1.41 1.38
Water scarcity 161.40 161.81 162.26 162.81 163.13




Table B.3 — LCA results of German UHPC
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Name REF LP10 LP20 LP30 LP40
Climate change, long term 926.66 854.97 783.40 711.84 640.98
Climate change, short term 964.00 890.48 817.09 743.71 671.05
Fossil and nuclear energy use 7668.86 7297.78 6928.80 6560.33 6201.63
Freshwater acidification 1.56 1.46 1.36 1.26 1.16
Freshwater ecotoxicity 98969.11 95133.90 91311.08 87482.63 83685.07
Freshwater eutrophication 0.01 0.01 0.01 0.01 0.01
Human toxicity cancer 0.00 0.00 0.00 0.00 0.00
Human toxicity non-cancer 0.00 0.00 0.00 0.00 0.00
lonizing radiations 3027.89 2778.89 2532.22 2287.66 2041.20
Land occupation, biodiversity 16.49 15.78 15.08 14.37 13.67
Land transformation, biodiversity 0.16 0.16 0.15 0.14 0.13
Marine eutrophication 0.07 0.06 0.06 0.05 0.05
Mineral resources use 200.01 180.50 160.99 141.48 121.97
Ozone layer depletion 0.00 0.00 0.00 0.00 0.00
Particulate matter formation 0.21 0.20 0.19 0.18 0.17
Photochemical ozone formation 1.92 1.79 1.67 1.55 1.43
Terrestrial acidification 1.70 1.59 1.49 1.38 1.27
Water scarcity 151.46 144.90 138.35 131.78 125.26
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