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Abstract

CO, capture and geological storage are essential for combating climate change. Studying
the components of storage sites is crucial, including the integrity of the reservoir, the
caprock, the casing, and the cement sheath of injection wells. This sheath is formed
by injecting fresh cement into the annular space between the casing and the geological
formation. The pressure exerted by the cement during installation, proportional to its
specific weight, must be sufficiently high to ensure complete cementing, without exceeding
the threshold that could damage the geological formation. The addition of lightweight
materials, such as hollow glass microspheres (HGMS), makes it possible to control this
pressure and ensures good cementing.

This work explores the use of HGMS in Portland cement for CO» injection wells, testing
two classes of HGMS possessing a borosilicate glass outer shell and differing in mechanical
strength and density. Laboratory experiments simulated the effects of supercritical COq
environments on these cement pastes, analysing carbonated and non-carbonated samples.
Tests included uniaxial (UCS) and triaxial compression tests, elastic parameter measure-
ments, mercury intrusion porosimetry analyses, scanning electron microscopy (SEM) im-
ages, and pH measurements using pH indicators.

First, the study focuses on the compatibility between HGMS and cement paste, assess-
ing their pozzolanic activity and their ‘filler’ effect. HGMS showed meaningful pozzolanic
activity, comparable to that of conventional additives. Mechanical tests showed significant
variations in elastic parameters and UCS depending on the type of HGMS used. Mi-
crostructural analyses showed a correlation between the presence of HGMS and changes in
porosity and a pore structure.

Second, the results show that carbonation significantly affected cement pastes contain-
ing HGMS, with a reduction in pore size. Rupture of HGMS during exposure increased
interconnected porosity, accelerating carbonation. SEM images and pH tests confirmed
the consumption of Ca(OH)2 in samples containing HGMS. Pastes with HGMS showed
marked reductions in Young’s modulus and UCS. The carbonated cement pastes showed a
greater increase in shear strength with confining pressure.

The experimental results were used to model the behaviour of traditional and lightweight
cement pastes under real conditions, using an open-source finite element software devel-
oped at Ecole des Ponts. The model implemented solves the coupled chemo-poromechanical
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equations and homogenises the elastic parameters according to the components of the ce-
ment matrix. The study extended this model to incorporate the homogenisation of elastic
parameters due to the presence of HGMS, as well as the partial rupture of HGMS under
high pressure, resulting in a variation in the porosity of the homogenised material, affecting
both mechanical and transport properties. This improvement has enabled the model to be
calibrated to predict the behaviour of light cement pastes in COs injection wells.

In conclusion, this study highlights the complex role of HGMS in cement pastes used for
COg injection wells. Although they lighten cement formulations, their rupture under high
pressure increases the carbonation rate and affects mechanical performance, highlighting
the need to properly assess their long-term durability. The choice of HGMS must take into
account their mechanical properties and pozzolanic activity. These results make it possible
to improve the design of cement pastes for the geological storage of COs.

Keywords: Lightweight cement slurries, Hollow glass microspheres, COs geological stor-
age.
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Resumen

La captura y el almacenamiento geolégico de COo son esenciales para luchar contra el
cambio climatico. El estudio de los componentes de los emplazamientos de almacenamiento
es crucial, en particular la integridad del yacimiento, la roca sello, el casing y la camisa
de cemento de los pozos de inyeccién. Este revestimiento se forma inyectando cemento
fresco en el espacio anular entre el casing y la formaciéon geoldgica. La presién ejercida,
proporcional al peso en volumen, debe ser lo suficientemente alta para garantizar una
cementaciéon completa, sin sobrepasar el umbral que podria dafiar la formacion. La adicién
de materiales ligeros, como las microesferas huecas de vidrio (HGMS), permite controlar
la presion y garantizar una cementacién adecuada.

Este trabajo explora el uso de HGMS en el cemento Portland para pozos de inyeccion de
COg, probando dos tipos de HGMS con una céscara exterior de vidrio de borosilicato y que
difieren en resistencia mecanica y densidad. Los experimentos de laboratorio simularon los
efectos de entornos de CO3 supercritico en estas pastas de cemento, analizando muestras
carbonatadas y no carbonatadas. Las pruebas incluyeron ensayos de compresion uniaxial
(UCS) y triaxial, mediciones de pardmetros elasticos, andlisis de porosimetria por intrusién
de mercurio, imégenes de microscopia electrénica de barrido (SEM) y mediciones de pH
mediante indicadores de pH.

En primer lugar, el estudio se centré en la compatibilidad entre las HGMS y la pasta
de cemento, evaluando su actividad puzoldnica y su efecto filler. Las HGMS mostraron
una actividad puzolanica significativa, comparable a la de los aditivos convencionales. Los
ensayos mecanicos mostraron variaciones significativas en los parametros elasticos y el
UCS en funcion del tipo de HGMS utilizado. Los analisis microestructurales mostraron
una correlacion entre la presencia de HGMS y los cambios en la porosidad y la estructura
de los poros.

En segundo lugar, los resultados muestran que la carbonatacién afecté significativa-
mente a las pastas de cemento que contenian HGMS, con una variaciéon del tamafio de los
poros. La rotura de las HGMS durante la exposicién aument6 la porosidad interconectada,
acelerando la carbonatacién. Las imagenes SEM y las pruebas de pH confirmaron el con-
sumo de CA(OH); en las muestras que contenian HGMS. Las pastas con HGMS mostraron
notables reducciones del médulo de Young y del UCS. Las pastas de cemento carbonatadas
mostraron un mayor aumento de la resistencia al cizallamiento con el aumento de la presién
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de confinamiento.

Los resultados experimentales se utilizaron para modelizar el comportamiento de pastas
de cemento tradicionales y ligeras en condiciones reales, utilizando un software de elemen-
tos finitos de cédigo abierto desarrollado en la Ecole des Ponts. El modelo implementado
resuelve las ecuaciones quimio-poromecanicas acopladas y homogeneiza los parametros elas-
ticos en funcion de los componentes de la matriz de cemento. El estudio amplié este modelo
para incorporar la homogeneizaciéon de los pardmetros elasticos debida a la presencia de
HGMS, asi como la ruptura parcial de las HGMS a alta presién, lo que da lugar a una
variacion de la porosidad del material homogeneizado, que afecta tanto a las propiedades
mecédnicas como a las de transporte. Esta mejora permitié calibrar el modelo para predecir
el comportamiento de pastas ligeras de cemento en pozos de inyeccion de COs.

En conclusion, este estudio destaca el complejo papel de las HGMS en las pastas de
cemento utilizadas para pozos de inyeccién de CO2. Aunque aligeran las mezclas de ce-
mento, su ruptura a alta presién aumenta la tasa de carbonatacién y afecta al rendimiento
mecénico, lo que pone de manifiesto la necesidad de evaluar su durabilidad a largo plazo.
La eleccién de las HGMS debe tener en cuenta sus propiedades mecanicas y su actividad
puzolanica. Estos resultados permiten mejorar el diseno de las pastas de cemento para el
almacenamiento geologico de COs.

Palabras clave: Pastas de cemento alivianadas, Microesferas huecas de vidrio, Almace-
namiento geoldgico de COs.
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Chapter 1

General introduction

1.1 Motivation

In 1983, the United Nations established the World Commission on Environment and Devel-
opment, which held its inaugural meeting in 1984. From this meeting emerged the report
"Our Common Future" better known as the "Brundtland Report" published in 1987. For
the first time, sustainable development was defined as "... development sustainable to
ensure that it meets the needs of the present without compromising the ability of future
generations to meet their own needs..." [3].

Sustainable development can be divided into three fundamental aspects: economic,
environmental, and social. True sustainable development integrates all three aspects, en-
suring none are overlooked. The adoption of this concept in the study of modern topics
highlights the finite nature of humanity’s resources.

Directly related to this is the concept of environmental impact, defined as the changes
experienced by elements of the environment due solely to the introduction of projects, pro-
grams, or human actions. In recent times, industrial advancements have led to significant
environmental changes. In fact, the fourth assessment report by the Intergovernmental
Panel on Climate Change (IPCC) from 2007 already identified the abrupt increase in
greenhouse gases (GHG) concentrations in the atmosphere as the primary cause of climate
change [9]. Moreover, the new sixth assessment report of the IPCC indicates that the GHG
emissions not only keeps increasing, but also the rate at which it increases is growing [10].

Given the significant demand for energy and the consumption of resources related to
human activities, it is projected that by 2050, even under the most optimistic scenarios, the
global mean surface temperature compared to the years between 1850-1900 will increase by
1.5 °C [10]. Furthermore, the worst-case scenario predicts a rise in the global mean surface
temperature by around 2.5 °C by 2050 and 5 °C by 2100 compared to the same period [10].
This ongoing trend requires various measures to minimize environmental impact. There
are two main groups of mitigation measures:
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e Reduction of sources: This involves using alternative energies to minimize GHG
emissions, as well as improving energy efficiency. Examples of alternative energy
include wind, solar, hydroelectric, among others.

e Enhancement of sinks: This aims to decrease existing GHG concentrations in the
atmosphere. Natural processes such as plant consumption of carbon dioxide (CO2)
are hindered by widespread deforestation. Reforestation and carbon capture and
storage (CCS) are potential solutions.

Both mitigation measures groups shall be applied to sufficiently reduce the impact of
human activities on the environment within a safe period of time. Reducing the sources
appears to be the most promising solution and is, maybe, the most popular. However, it is
expected that energy supply will still be based on fossil fuels until — at least — 2050. In this
context, a reliable and short/midterm solution should be applied to improve the current
situation, for which CCS arises.

1.2 Carbon Capture and Storage

CCS is a climate change mitigation technology that can significantly reduce GHG emissions.
Even though CCS projects are already underway worldwide, there is a need to accelerate
the deployment of this technology to meet the goals set by the international climate change
mitigation agreements [11]. Within this century, between 350 and 1200 gigatons of COq will
have to be captured and stored to achieve the sustainable development objectives without
severely affecting human activities and behaviour [10].

The objective of CCS as an "enhancement of sinks" climate change mitigation activity
is to decrease the CO9 emissions and concentration in the atmosphere. The process mainly
includes three key stages, as shown in Figure 1.2.1.

CHAPTER 1. GENERAL INTRODUCTION 6



F'  CO, storage

Figure 1.2.1: Stages involved in an underground CO3 storage facility: Capture, Transport
and Storage - Provided by Global CCS Institute

The capture of COs can be performed from various punctual industrial sources — such
as power plants — and directly from ambient air using innovative capture methods [12, 13].

Once captured, COs is transported to the injection site. There are essentially two
methods for transporting COs: discrete and continuous. The discrete method involves
transportation via ships, trucks, or tanker railcars, which carry liquid COs in insulated
tanks of three types: high pressure type, low temperature type, and semi-refrigerated
type [14]. The continuous method entails transportation through the use of pipelines,
where COs is compressed to a pressure exceeding 8 MPa to increase its density and prevent
two-phase flow. Pipelines typically utilize materials susceptible to corrosion, which is only
compatible with this use if the COg is transported in a dry state (without moisture).
Otherwise, the pipeline would require corrosion-resistant insulation.

Finally, the concluding — and more relevant for this research — step in the process
is geological storage, which involves injecting COg in a supercritical state (scCOg) — at
high pressures and temperatures — into rock formations. There are many types of geo-
logic formations where this process can take place: depleted oil and gas reservoirs, deep
saline aquifers, unmineable coal seams, basalts or reactive rocks, and shales are also be-
ing discussed [15, 16, 17, 18]. Furthermore, the rock formation should be porous, with
formations that retain or have previously retained fluids being highly favourable in this
regard, ensuring greater storage capacity and sealing properties at the scale of the storage
site [19]. This characteristic is particularly beneficial for saline and depleted formations,
while shales, with their initially low porosity, rely on fracturing to create space for storage.

CO» reaches the supercritical state at pressures higher than 7.1 MPa and at tempera-
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tures higher than 30 °C. In this state, the fluid’s density increases, making it behave more
like a liquid and allowing for efficient storage within geological formations. For this reason,
scCOq is injected and stored at depths exceeding 800 m, where these needed conditions
can be attained.

Once scCOs is injected to reach the reservoir for its final disposal, it is crucial to ensure
the overall sealing of the injection system. This system comprises various components
depicted in Figure 1.2.2; including reservoir rock, impermeable rock layer (caprock), metal
tubing in the injection well (casing), and the cement annulus located between those two
parts. Effective control is essential within and between these components.

Figure 1.2.2: Schematic of supercritical scCOs injection well - A: Caprock; B: Reservoir;
C: Cement sheath; D: Casing. Adapted from [1]

The integrity of the scCOq storage facility is of main importance. It is necessary to
grant a proper zonal isolation to avoid any fluid migration. Figure 1.2.3 shows all the fluid
migration paths that can be found within these facilities. They involve various and varied
possibilities, such as contact of the reservoir formation with an aquifer, presence of a fault
within the rock formation, and unsecured or not properly isolated injection/legacy wells.
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Figure 1.2.3: Possible fluid migration paths in a scCO9 storage facility - A: COy from B
pushed into upper layers; B: leaks through a connection point between cap rock and upper
aquifer; C: leaks along a fault line; D: leaks through a legacy well; E: dissolved COs leaks
through an escape point of the aquifer. Adapted from EnergyNow.ca

Among the possible fluid migration paths, this research focuses on injection/legacy
wells, particularly on their cement annulus.

1.3 Deep well cementing

Let us now focus on the constructive method used to form the cement annulus. Recalling
Figure 1.2.2, the system consists of three main parts, the casing, the cement annulus, and
the rock formation. Each of these and also the interfaces between them are complex and
require a deep study for being understood and for granting the integrity of the system.

Focusing on the cement annulus (also called cement sheath), this is achieved through
an operation called deep well cementing. To begin with, clinker, water, and additives
are mixed to obtain the cement slurry. Then, this fluid material is injected through the
casing. Once the slurry reaches the end of this pipe, it will ascend through the annular
space between the casing and the rock formation to its designated location. The resulting
cement annulus is responsible for protecting the casing, containing the rock formation, and
achieving zonal isolation — an imperative consideration in CCS projects.

During injection operations, the cement slurry should meet density requirements to
ensure a proper pressure is exerted on the formation, high enough to overpass the pore
pressure and grant the stability of the well at every depth, and low enough to avoid fractur-
ing the rock formation, with the consequent material loss. For this purpose, the pressure
exerted by the fluid cement slurry at every depth should be somewhere between the pore
pressure and the fracture gradient — defined as the required pressure to generate fractures
in a rock formation at a given depth.

Given the high density of conventional cement slurries, exceeding pore pressure at vari-
ous depths typically poses minimal challenges. However, the fracture gradient, determined

CHAPTER 1. GENERAL INTRODUCTION 9



by the properties of the rock formation, can complicate cementing operations, especially in
situations where it is relatively low such as deep wells. In such cases, it becomes essential to
carefully control the density of the cement slurry. This can be achieved through multistage
cementing techniques [20] or by utilizing lightweight cements, allowing for a more precise
density control and reduction of the pressure gradient applied to the formation [21].

On the one hand, multistage cementing is a technique used in deep well cementing
operations to address challenges associated with varying formation pressures and depths.
It involves the sequential placement of multiple cementing stages at different depths within
the wellbore. Each stage typically consists of pumping a small volume of cement slurry,
followed by setting a casing or liner packer to isolate the previous stage. This process
allows for control of the pressure exerted on the rock formation and helps mitigate issues
such as material loss and poor zonal isolation.

On the other hand, there are a variety of solutions to obtain lightweight and ultra-
lightweight cement slurries, among which one can mention the use of water extenders,
foam cement, or lightweight materials [22, 23]. Water extenders are those materials that,
when added to the slurry formulation, allow the incorporation of a higher quantity of water
without severely affecting the properties of the hardened cement paste. Foamed cement,
obtained via nitrogen injection, contains nitrogen micro-bubbles which let the slurry reach
a low specific weight [24]. Lightweight materials are used as cement replacement, and since
their specific weight is smaller than that of cement, the specific weight of the slurry is
reduced. Depending on the lightweight material used, the final properties of the hardened
cement paste will vary.

Once the cementing method is defined and the cement slurry properly placed, the ce-
ment paste must reach the right properties to adequately achieve its main functions. The
properties to be controlled include permeability, strength and elastic properties. Perme-
ability must be reduced to avoid the generation of possible fluid migration paths through
the cement sheath itself, thus ensuring zonal isolation. Strength is essential to withstand
the stresses to which the cement annulus will be subjected over the life of the well, particu-
larly due to the injection of scCOs. The elastic properties are also of great importance, as
they directly govern stress development in response to interactions with the surrounding
rock formation and casing.

1.4 The role of cement pastes

Considering the requirements that cement slurries/pastes must meet within the scope of
this project, it becomes pertinent to delve into understanding the fundamentals of cement
and its behaviour under specific conditions, such as those encountered in the context of
scCOq injection wells. As previously discussed, cement sheath plays a pivotal role in
ensuring the protection and stability of wells, particularly in CCS projects. Now, let’s
turn our attention to the characteristics and properties of cement that make it an essential
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component in the construction of deep wells.

Cement is a widely used material in the construction industry. The main advantages
of this material are its capability of taking the needed shape, while granting adequate
durability and strength to the resulting structural element within a relatively low cost.
These properties make cement one of the best solutions in the construction of deep wells.

Hardened cement is obtained through a series of chemical reactions between clinker
and water, called cement hydration. The main compounds present in any type of clinker
are (using the cement chemist notation) tricalcium silicate (C3S), dicalcium silicate (C2S),
tricalcium aluminate (CzA), tetracalcium aluminoferrite (C4AF), and gypsum (CSH).
Each of these components play a key role in the chemical reactions involved in cement
hydration, resulting in its hardening. A brief description is now provided [25]:

e (C3S: the most abundant compound in most cements. Responsible for the initial
hardening in the hydration process, imparting early-age strength to the cement paste.

e (C5S: in contrast to CsS, contributes to hydration at later ages, aiding in the increase
of strength beyond the first week after mixing.

e C3A: influences pumpability time by providing the cement with early-age strength
(to a lesser extent than C3S), releasing a significant amount of heat during the ini-
tial stages of hydration. Its content must be limited due to its role in increasing
susceptibility to chemical sulfate attack.

e C4AF: reacts quickly with water but does not produce much hydration heat or com-
pressive strength. It affects the rheology and durability of the cement paste. Its
content is also controlled in cements with high resistance to sulfate attack.

« CSHj: is added during final grinding and controls C3A hydration, regulating cement
setting time, strength development, drying shrinkage, and potential strength.

Each of these compounds undergoes chemical reactions to form the final products of
the cement hydration process. It shall be outlined that advances in the understanding of
the hydration mechanisms of cement are constantly being developed, and the theories have
drastically evolved in the past century [26]. In general terms, the chemical reactions could
be written as shown in Equations 1.4.1 to 1.4.6 [25, 27]. There exists four main hydration
products of cement hydration, i.e. calcium hydroxide (Ca(OH)32), calcium silicate hydrate
(CSH), hydrated calcium trisulphoaluminate (AFt), and hydrated calcium monosulphoa-
luminate (AFm). Other phases shown in these equations, such as C4AH and CsAFH, are
minor products of cement hydration.

2 038 + 11 HyO — CSH + Ca(OH), (1.4.1)

2C5S + 9Hy0 — CSH + Ca(OH), (1.4.2)
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C3A + CSHy + 26 HoO —— AFt (1.4.3)

2C3A + AFt + 4H,0 — AFm (1.4.4)
C3A + Ca(OH)z + 12H0 — C4AH (1.4.5)
C4AF + Ca(OH)z + 10H,0 — CgAFH (1.4.6)

Cement pastes must exhibit adequate strength and durability to meet project require-
ments. Strength refers to the ability of cement pastes to withstand loads, while durability
refers to its ability to resist deterioration over time due to environmental factors. Inter-
connected porosity, the amount of connected empty spaces in the cement paste structure,
significantly impacts its behaviour, directly affecting permeability and diffusivity — the ease
of fluid flow and the speed of ion movement through the material, respectively.

Hydration degree refers to the percentage of cement compounds that had undergone
their respective hydration reaction. Achieving 100% hydration ensures complete reaction.
As shown in Equations 1.4.1 to 1.4.6, adequate water content is essential for cement hydra-
tion. However, excess water increases cement paste porosity, leading to higher permeability
and diffusivity, which makes cement paste more vulnerable to external corrosive agents.

Another issue to take into consideration when studying the strength and durability of
cement pastes is the presence of admixtures. An admixture could be any material added
before or during mixing, excluding water. These materials can disperse cement within the
aqueous phase, alter cement hydration rates, react with cement by-products, or remain
inert [28]. Among all the possible interactions between cement paste and admixtures, in
this work the focus is set on the filler effect and the pozzolanic activity.

On the one hand, the filler effect refers to the impact that the addition of fine par-
ticulate materials to the cement have on its early hydration. This effect is due to their
physical presence, which influences the development of the microstructure and strength of
the cement [29]. This enhancement is observed through an increase in the hydration of
all major cement phases, along with an increase in the quantity of chemically combined
water and the liberation of Ca(OH)s per unit weight of cement. The presence of micron-
scaled particles in the filler material serves as nucleation sites, facilitating the formation
of hydrates during early stages of curing [30]. Admixtures presenting the filler effect will
consequently increase the degree of hydration of the cement, improving its strength and
durability.

On the other hand, a pozzolan is a material containing silica and alumina, that lacks
significant cementitious value on its own. Nevertheless, when finely divided and exposed to
moisture, pozzolanic materials chemically react with the Ca(OH)y present in the hydrated
cement to form secondary CSH. Therefore, pozzolanic materials are known for increasing
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the cement paste strength and durability. The reactivity of these materials relies on their
chemical /mineralogical composition, fineness, the water to cement (w/c) ratio, and the
proportion used [2, 31].

Both, the strength and the durability of the cement paste play a key role when study-
ing cement use in deep wells. The importance of the cement annulus in these projects
is paramount and constitutes one of the main factors to be studied when analysing the
integrity of the system. Particularly, in the context of scCOs geological reservoirs, high
pressure, high temperature, and scCOq saturation are attained. Even when subjected to
these extreme conditions, the cement annulus should grant the well stability, contain the
casing, and act as a seal to avoid fluid migration [32].

Under these conditions, hydrated cement will undergo changes in its chemical compo-
sition related to variations in its microstructure, porosity and mechanical behaviour. To
begin with, carbonic acid (HoCO3) is formed by the reaction of the scCO2 with water,
as shown in Equation 1.4.7. Subsequently, bicarbonate ions (HCOj3 ) and carbonate ions
(CO?{) are produced upon dissociation of the carbonic acid. These two dissociation prod-
ucts of carbonic acid chemically react with cement main hydration products, i.e. Ca(OH)2
and CSH, leading to cement paste carbonation. This process results in the formation of cal-
cium carbonate (CaCOj3) and water for Ca(OH)s, and CaCOg3 and SiO,OH, (amorphous
silica) for CSH, as depicted in Equations 1.4.8 to 1.4.11 [33, 34, 35, 36, 37, 38].

COy + HyO = HyCO3 = H" + HCO3™ == 2H" + CO3*~ (1.4.7)
Ca(OH)q(s) + 2HT + CO3%~ — CaCO3(s) + 2H,0 (1.4.8)

CSH(s) 4+ 3.2H" 4+ 1.6 CO3?~ — 1.7 CaCO3(s) + SiO,OH,, (1.4.9)
Ca(OH)a(s) + HM + HCO3~ —— CaCOs3(s) + 2H0 (1.4.10)

CSH(s) + 1.6 HT + 1.6 HCO3~ — 1.7 CaCO3(s) + SiO,OH,, (1.4.11)
CaCO3(s) + HY == Ca'" 4 HCO3~ (1.4.12)

From the thermodynamic point of view, the first cement hydration product to be con-
sumed by this reaction shall be Ca(OH) [33]. Carbonation of Ca(OH)2 happens through a
dissolution-precipitation reaction, and its kinetics are initially faster than the carbonation
of CSH. It is expected that the induced decrease in the pH up to 12.5 will be followed by
the beginning of the CSH carbonation. Nevertheless, it has been proven that in actual
carbonation exposure conditions, some changes in this expected behaviour might occur,
which may lead to a simultaneous carbonation of Ca(OH)2 and CSH [39, 40].
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The formation of CaCOgs during this process leads to its precipitation in the cement
matrix pores. In their research, Dalton et al. studied the CaCQOj3 formation for portland
cement pastes under different CO5 exposures and its precipitation in the cement matrix’s
pore structure [41].

Some studies highlighted the decrease in porosity and permeability during an initial
stage of supercritical carbonation due to the CaCOjs crystal precipitation [33, 42, 43].
However, for longer periods of exposure, the cement paste appears to present a significant
degradation, corresponding to an increase in porosity [42, 43, 44]. This appears to be
related to the dissolution of CaCOs, as depicted in reaction 1.4.12.

Moreover, the advancement of cement paste carbonation is controlled by the diffusion
of the supercritical fluid. This is directly linked to the interconnected porosity, which
in turn is also influenced by the w/c ratio. In this regard, the research of Costa et al.
studied the impact of cement paste density on carbonation resistance when exposed to
scCOq conditions [45]. Different cement paste densities were achieved by changes in the
w/c ratio, and the advancement of the carbonation was measured in terms of the decrease in
the pH, related to the consumption of the Ca(OH)y. As expected, it was found that higher
cement paste density correlates with diminished carbonation, evidenced by a reduction in
the carbonated area. Moreover, a clear relationship emerges between cement paste density
and carbonation advancement.

The role of admixtures in the behaviour of hydrated cement shall also be taken into
consideration. Particularly, a RILEM report deeply discusses this subject, focusing on
supplementary cementitious materials (SCM) [40].

One fundamental difference lies in the reduced presence of Ca(OH)y in cements with
SCM, attributed to its consumption during the pozzolanic reaction. Consequently, carbon-
ation proceeds more rapidly in the primary COs-binding phases, such as CSH in systems
using silica fume or calcium aluminosilicate hydrate in systems incorporating blast furnace
slag, fly ash, metakaolin, and other alumina-rich SCM.

The carbonation of these hydrates significantly contributes to the coarsening of the
pore structure [40] and changes in the mechanical behaviour. This poses challenges for
cement paste durability, as carbonation induces structural changes that affect the material
ability to withstand chemical or physical degradation.

Hence, it is essential to recognize the complex nature of carbonation kinetics, which
are influenced by various factors including cement composition, water content, cement
paste porosity, SCM properties and content percentage, carbonation conditions (e.g., COq
concentration, relative humidity, temperature), and material preconditioning. Therefore,
a thorough examination of the cement annulus employed in deep scCO3 injection wells,
focusing on the degradation caused by the carbonation of cement hydration products, is
essential. This assessment must be conducted through a comprehensive and meticulous
experimental campaign to ensure the integrity of the cement sheath throughout its entire
lifecycle.
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1.5 Use of Hollow Glass Microspheres

Among various supplementary materials, hollow glass microspheres (HGMS) are very pop-
ular and widely used [24]. HGMS are lightweight, high strength materials manufactured
from soda-lime borosilicate glass. These consist of hollow glass spherical bubbles with a
wall thickness that provides them with high strength while also granting low density, as
shown in Figure 1.5.1. Their glass wall is mainly composed of SiOy (60% - 87%) [46]. They
are produced with a particle size varying between 20 and 70 pm, apparent densities from
100 to 800 kg/m?3, and crush strengths up to 186 MPa. Such properties make them very
suitable for their application in deep wells.
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Figure 1.5.1: HGMS density vs. HGMS crushing strength. After [2]

Al-Yami et al. [20] compared the solution of multistage cementing with plain cement
slurries and HGMS lightweight cement slurries. The equivalent circulating density — and
thus the lower circulation loss — achieved with HGMS cement slurries is sufficiently low to
avoid the technical difficulties related to the multistage method. Moreover, in the research
of Anya [23], it is stated that the applicability of HGMS in the deep well cementing industry
is not as difficult as other possible solutions.

The first reported field application of HGMS in the hydrocarbon industry dates back
to 1980 [47] when it was intended to overcome the low-pressure gradient of an offshore
wellbore in the Gulf of Mexico. Two cementing jobs were accomplished using a cement
slurry with HGMS. A low-density cement slurry (1115 kg/m®) with better mechanical
properties than the lightweight cement slurries previously used was achieved. Following
this first and successful field application, HGMS have been widely studied to comprehend
their behaviour under the conditions present in oil-wells. These studies are mainly centred
on the properties obtained on cement slurries with different classes and percentages of
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HGMS.

Abdullah et al. [18] attempted to design slurries for cementing wells that go through
formations with low fracture gradients. They fulfilled the requirements involved in this
application with the addition of HGMS in proportions ranging from 12% to 20% by weight
of cement. They designed slurries with densities between 1500 kg/m? and 1730 kg/m? and
compressive strength ranging from 17 MPa to 33 MPa. These authors also demonstrated
that the most widespread lightweight deep well slurries, which are obtained by increasing
the w/c ratio, were inappropriate because of their low compressive strength and still too
high density.

Mata and Calubayan [19] analysed the relationship between density, cement replace-
ment percentage, HGMS crush strength (or class), and compressive strength of cement
slurries. They kept constant the w/c ratio, and four target densities were considered:
1260 kg/m?>, 1320 kg/m3, 1380 kg/m3, and 1440 kg/m3. These densities were achieved
by replacing cement with HGMS in different percentages. It is interesting to notice from
this research that the class of HGMS with the highest crush strength is not the one that
yields the highest compressive strength for a targeted density of a cement slurry. Never-
theless, there is a relationship between HGMS’ density and slurry’s compressive strength.
The lower the HGMS’ density, the lesser the amount needed in the slurry to decrease the
density, therefore, the higher the compressive strength of the resulting paste.

These results are confirmed by those depicted in Figures 1.5.2 and 1.5.3. These illustrate
concisely the results discussed previously, along with those obtained by other authors [24,
16, 47, 48, 19, 50, 51]. Figure 1.5.2 shows a relationship between HGMS proportion and
cement paste compressive strength, while Figure 1.5.3 evidences that no correlation is
noticed between HGMS strength and cement paste compressive strength. In fact, the
highest cement paste compressive strength corresponds to the lowest HGMS strength.
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Figure 1.5.2: Cement paste with HGMS properties: Cement replacement by HGMS vs.
cement paste compressive strength. After [2]
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Figure 1.5.3: Cement paste with HGMS properties: HGMS crushing strength vs. cement
paste compressive strength. After [2]

In a more general way, Figure 1.5.4 shows a correlation between the density of cement
pastes and their compressive strength, with variations attributed to both the density of
the HGMS and the extent of cement replacement by HGMS.
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HGMS were also studied as addition for engineered cementitious composites [51, 52, 52].
Composites were designed with fly ash, silica fume, polyvinyl alcohol fibres and HGMS. Fly
ash was replaced by different classes of HGMS, from which a decrease in density ranging
from 300 to 700 kg/m>® was obtained. It was concluded that increasing the dosage of
HGMS implies decreasing the compressive strength of the resulting lightweight composite.
An interesting conclusion from this research is that, for identical volume fractions of fly ash
replacements, the lightweight composite with the HGMS of higher crush strength, yielded

the higher compressive strength. Hence, the strength of the HGMS is also relevant for the
strength of the cement paste.

1.6 Problem statement and objectives

As already discussed, the stability and durability of the cement paste used in scCOs injec-
tion wells is a critical concern in the context of geological storage of COs. Plain cement
pastes may not be adequate for cementing deep wells, particularly CO» injection wells. In
this context, cement pastes with HGMS stand out. The use of HGMS in class G cement
pastes offers a potential solution by reducing the density of the cement slurries/pastes.
However, the effect of HGMS on the properties of cement pastes, particularly considering
their carbonation in presence of scCOs3, remains poorly understood.

Hence, the overall objective of this work is to study the stability of wells cemented with
cement slurries lightened with HGMS of different classes when subjected to the conditions
existing in a scCOs injection well. For this purpose, the evolution of the physical, chemical
and mechanical properties of class G cement pastes with HGMS when subjected to the
presence of scCOs are evaluated through both laboratory tests and numerical modelling.
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To accomplish the main objective of this research, the following specific objectives and
corresponding hypotheses are set:

e Specific objectives

1. Study of the behaviour of class G cement pastes lightened with HGMS.

2. Verify the suitability of HGMS lightweight class G cement pastes to be used in
scCOq injection wells.

3. Conceptualise the mechanical and chemical behaviour of HGMS lightweight class
G cement pastes through analytical and numerical modelling, allowing the nu-
merical simulation of COy geological storage applications at the scale of an
injection well.

o Hypothesis

1. Replacing cement with HGMS is useful for reducing the density of class G cement
slurries without severely affecting its mechanical properties.

2. The designed lightweight class G cement pastes are suitable for deep wells.

3. Through the use of analytical and numerical models, the behaviour of cement
pastes containing HGMS in CCS applications can be simulated and predicted
to optimise the design and execution of these projects.

These objectives are fulfilled through an extensive and diverse experimental program,
with a deep analysis of the corresponding results, and by developing a theoretical and
numerical framework based on the obtained results.

The behaviour of class G cement pastes lightened with HMGS is analysed in terms of the
chemical interactions between these materials. The filler effect and the pozzolanic activity
are assessed through a set of laboratory tests, including modified Chapelle test, isothermal
calorimetry, thermogravimetric analyses, X-ray diffraction, uniaxial compressive strength,
and scanning electron microscopy. These comprehensive analyses provide insights into the
material properties and interactions, forming the foundation for subsequent evaluations
under scCO4 conditions.

Changes in microstructure, understood as those related to the pore structure, phases
dissolution, and mineral precipitation, are assessed from mercury intrusion porosimetry on
cement paste and HGMS powder specimens, pH measurements before and after exposure to
scCOs9 environments, and scanning electron microscopy. Such microstructural evaluation
provides a detailed understanding of the alterations occurring within the cement matrix
when in contact with scCOs, setting the stage for further investigation into how these
changes impact the mechanical properties of the cement pastes under CCS conditions.

The last experimental subject to be discussed within this work involves the evalua-
tion of the mechanical properties, particularly, the influence that different aspects such
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as water content, and use of HGMS of different classes have on supercritical carbonation
mechanisms, and how these mechanisms then translate into the mechanical behaviour of
lightened cement pastes. To accomplish this, different mechanical properties of the cement
pastes are measured before and after exposure to scCOs. Elastic properties are obtained
through ultrasonic wave velocity measurements, and through drained and undrained triax-
ial tests at various confining pressures. Also, the strength of the cement pastes is obtained
through uniaxial compression and drained triaxial compression tests at different confining
pressures.

To extend the understanding gained from the experimental work, the elastic proper-
ties of materials containing hollow spherical inclusions (representing the HGMS) are ho-
mogenised, considering imperfect interfaces between the spheres and the cement matrix.
Furthermore, a chemo-poromechanical model accounting for the carbonation of the ce-
ment hydrates is adapted to accurately represent the chemical phenomena occurring in the
scCOs injection well, and their impacts on the mechanical behaviour of the cement sheath.
These numerical models are then calibrated and validated to simulate the mechanical and
chemical changes in the cement pastes, providing a comprehensive framework for predicting
the performance of HGMS class G cement pastes subjected to scCOs2 conditions.

In summary, this research seeks to provide a comprehensive understanding of the influ-
ence of HGMS on cement paste behaviour, particularly in the context of scCOq injection
wells. It investigates, both experimentally and numerically, various aspects of HGMS -
cement paste hydration products interactions, from chemical interactions to mechanical
properties.

1.7 Outline of the research

The research is structured into seven main chapters, as follows:

e Chapter 1 - General introduction: This chapter provides an overview of the research
context and significance. It introduces the problem statement, outlines the structure
of the research, and presents the research objectives and hypothesis.

e Part I - Experimental characterization

— Chapter 2 - Materials and methods: This chapter details the materials, exper-
imental setups, and methodologies used throughout the research. It provides
a comprehensive description of the experimental procedures, testing protocols,
and analytical techniques employed in the study.

— Chapter 3 - Interaction between HGMS and the cement paste: Given the
physico-chemical properties of HGMS, this chapter focuses on understanding
the possible filler effect and pozzolanic activity of this admixture. It also delves
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into the change in the main properties of cement pastes due to the use of HGMS,
i.e. strength and microstructure.

— Chapter 4 - Microstructural insights into cement paste supercritical carbona-
tion: This chapter examines the influence of HGMS on supercritical carbona-
tion mechanisms in deep well cement pastes. It discusses the changes in the pore
structure that HGMS induce. Additionally, this study examines the impact of
mechanical stresses on the chemical changes in cement pastes with HGMS in
COg injection wells.

— Chapter 5 - Mechanical properties: Here, the focus is set on how HGMS affect
the mechanical performance of cement pastes after being carbonated in condi-
tions representative of those expected in scCOs injection wells. The discussion
delves into the effects of the presence of HGMS on the alterations in mechanical
behaviour induced by scCOg environments, highlighting their interaction with
the cement matrix and impact on material durability.

e Part IT - Modelling

— Chapter 6 - Homogenisation of the elastic parameters: An analytical model is
developed to predict the elastic parameters of lightweight cement pastes with
HGMS. The proposed micromechanical model requires only the elastic proper-
ties of the cement matrix and the HGMS, as well as their dimensions and volume
fraction.

— Chapter 7 - Chemo-poromechanical model: This chapter involves adapting and
improving an existing model to better represent the influence of HGMS on the
behaviour of cement pastes under scCOs injection well conditions. This in-
cludes the determination of elastic properties to account for HGMS, considering
HGMS rupture under high pressures and its effect on elastic and fluid transport
properties.

e Chapter 8 - Final considerations: This chapter synthesizes the findings and contri-
butions of the research. It summarizes the key insights gained from the laboratory
testing and numerical modelling efforts. Additionally, it discusses the implications
of these findings for the understanding and application of HGMS in cement paste
behaviour within scCOs injection well environments, and highlights potential oppor-
tunities for future research and application in this field.
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Part 1

Experimental characterization
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Introduction to Part 1

This part details the experimental methodologies developed to investigate the behaviour of
cement pastes with HGMS under CCS injection well conditions. The research focuses on
understanding the interactions at both micro and macro scales, employing a combination
of advanced techniques to analyse the material’s structural and mechanical properties.
These methods were chosen to accurately capture the complex processes involved, from
the chemical reactions during cement hydration to the changes in the pore structure and
in the mechanical performance of the cement pastes. The experimental methods here set
the stage for the analysis that follows and give insights into the behaviour and durability
of cement pastes under the environmental conditions found in a CCS injection well.
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Chapter 2

Materials and methods

2.1 Materials

The cement used in this research is a class G moderate sulphate-resistant portland ce-
ment [53] provided by Petroquimica Comodoro Rivadavia (Argentina), mixed with HGMS27
and HGMS41 from 3M (Figure 2.1.1), polycarbonate-based superplasticizer (SP) (ADVA
570, GCP Applied Technologies) with a solid residue by oven drying of 33.9% mass percent
according to ASTM C 494 [54] and deionized water. HGMS27 and HGMS41 have respec-
tively crush strengths of 27 and 41 MPa, apparent densities of 280 kg/m? and 460 kg/m?,
and mean particle sizes (D50) of 30 pm and 40 pm.

10/26/2 HV spot| mag O 10/26/2020 V' [det| WD [spotmag O
4:52:55 PM 30.00 KV ETD | 4.7 mm | 3.0 | 1 600 x 12:33:11 PM|30.00 kV|ETD | 5.0 mm | 3.0 | 1600 x HGS 6000
(a) HGMS27 (b) HGMS41

Figure 2.1.1: SEM images at 1600x of both classes of HGMS used in this research

CHAPTER 2. MATERIALS AND METHODS 24



Class G cement possesses special physico-chemical characteristics that make it suitable
for use in deep well cementing. Tables 2.1.1 and 2.1.2 present its chemical composition [55]
and main properties [53], respectively.

Cement ‘ C3S CsS CzA C4AF  Free CaO MgO
Class G | 50% 30% 5%  12% L1%  1.9%

Table 2.1.1: Chemical composition of class G cement

Compressive strength
Curing temperature: 38 °C ‘ Curing temperature: 60 °C

90 to 120 minutes | > 2.1 MPa | > 10.3 MPa

Thickening time

Table 2.1.2: Physical-mechanical requirements of class G cement paste

The cement slurry required for proper well cementing must be pumped from the surface
to great depths, larger than 800 meters in the context of CO4y geological storage. Hence,
the fundamental reason for using special cements, differing from those commonly used in
the construction industry, lies in the high pressures and temperatures to which the cement
paste is subjected in addition to the corrosive environment.

There exists a considerable challenge in maintaining conventional cement slurry in a
fresh state during the pumping stage under these conditions. If it were to harden prior
to the required time, it would obstruct the continuous flow of cement slurry injection,
preventing proper cementing. Conversely, if the setting time is longer than necessary, it
could result in greater material losses and a potential fluid flow to the surface.

Analysing the chemical composition, it can be seen that the percentages of C3S and
CsS in class G cement indicate a controlled hydration process, avoiding significant early-age
hydration (associated with high C3S content) and significant late-age hydration (associated
with high C3S content). Additionally, the low percentage of C3A supports this controlled
hydration rate, as higher C3A content would accelerate the process. This low C3A content
also contributes to the moderate sulfate resistance characteristic of this cement. This
ensures that adequate strength and durability are attained at convenient curing times for
the well cementing process.
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Figure 2.1.2: Particle size distribution for class G cement, HGMS27 and HGMS41

Figure 2.1.2 shows the particle size distribution of class G cement and both HGMS
classes as analysed by Compagnie Industrielle des Lasers (CILAS) with the accompanying
report. Furthermore, Table 2.1.3 shows the oxide composition as obtained from X-ray
fluorescence spectroscopy carried out at the Universidad Nacional de San Martin in Buenos
Aires, Argentina.

Table 2.1.3: Oxide composition of class G cement, HGMS41, and HGMS27

Oxide ‘ Cement HGMS27 HGMS41

Si02 19.30 60.30 60.90
CaO 52.20 11.40 11.00
NagO 0.53 6.37 5.98
BrsO 1.74 0.84 0.90
P20s5 0.14 0.57 0.56
SO3 2.09 0.27 0.29
Al,O3 3.30 0.08 0.14
MgO 3.27 0.08 0.10
FeyO3 18.20 0.04 0.05
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2.2 Specimens preparation

Cement pastes were designed with two water to solids weight (w/s) ratios. The first one,
of 0.44, corresponds to the w/s ratio specified by the American Petroleum Institute for
class G cement pastes [53]. Also, a w/s ratio of 0.60 was used to get some insights into
the mechanisms of cement paste carbonation changes due to changes in the water content.
HGMS were added as 10% of cement weight replacement.

The decision to replace cement with HGMS, rather than adding HGMS, follows the
methodology outlined in ASTM C 311 [56], which specifies the replacement of a por-
tion of the cement by mass with the test material, rather than its addition. Although
ASTM C 311 [56] specifies a replacement of 20% by mass, this was reduced to 10% due to
the significant density difference between cement and HGMS. Higher replacement percent-
ages resulted in segregation in the fresh state as the HGMS floated to the surface. This
resulted in the formation of two distinct phases on curing, making the material unsuitable
for consistent testing.

In addition, ASTM C 311 [56] considers SCM such as HGMS as cementitious con-
stituents. Adopting the w/c ratio in this context could lead to bias, as it would not be
fully consistent with this interpretation. Therefore, the w/s ratio has been adopted to
ensure consistency with the intent of the standard and to maintain comparability between
cement pastes.

The resulting classifications and dosages of cement pastes are presented in Table 2.2.1.
CS refers to cement paste, the two following numbers correspond to HGMS (00: no HGMS,
27: HGMS27, 41: HGMS41) and the two last numbers correspond to the w/s ratio (0.44
and 0.60).

Table 2.2.1: Pastes classification, dosages, and densities

Paste Cement HGMS27 HGMS41  Water SP p
[kg/m’] [kg/m’]  [kg/m’] [kg/m’] [kg/m’] | [kg/m’]

CS0044C00 | 1320.2 — — 580.9 — 1988
CS2744C00 | 829.0 92.1 — 405.3 2.8 1388
(CS4144C00 | 952.5 — 105.8 465.6 2.1 1601
CS0060C00 | 1313.8 — — 788.3 — 1803
CS2760C00 | 828.3 92.0 — 552.2 — 1287
(CS4160C00 | 950.6 — 105.6 633.7 — 1472

In Table 2.2.1, the ending CO00 refers to the non-carbonated sample, i.e. carbonated
for 0 days. Although this will be explained in more detail later in Subsection 2.3.4, it is
important to note that pastes that have been carbonated for XX days will have the ending
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CXX.

The superplasticizer was added to the slurries with w/s ratio of 0.44 with partial cement
replacement by HGMS to obtain a fluidity equal to that of CS0044C00. Its proportion was
established at 0.3% and 0.2% liquid weight for cement slurries CS2744C00 and CS4144C00
— with HGMS27 and HGMS41, respectively.

Cement specimens were prepared following the guidelines of the American Petroleum
Institute Recommended Practice [57]. For this purpose, a specially designed mixer capable
of reaching the required high revolutions per minute (RPM) was used.

According to these guidelines, water shall be added to the mixing machine followed by
the cement, which is added within 15 seconds while the mixing machine is working at 4000
RPM. Then the RPM are increased to 12000 and kept constant for 35 seconds.

For cement pastes with HGMS27 and HGMS41, given the important difference in den-
sity between HGMS and cement, these dry materials needed to be mixed before. Therefore,
the necessary amount of each of them was poured into a dry vessel and mixed by hand
until reaching a homogeneous dry material.

Another limitation in the mixing due to the presence of the HGMS is related to their
possible rupture. As aforementioned, HGMS have a given strength which could be over-
passed throughout the mixing procedure. A solution to this issue can be found in reducing
the RPM [58]. This should be achieved while maintaining the applied mixing energy [59],
for which the mixing times have to be increased, as shown in Equation 2.2.1.

E kw?t

TV (2.2.1)

where E is the mixing energy in kJ, M is the mass of the cement slurry in kg, k is an
experimentally determined constant equal to 6.1x1078 m®/s, w is the rotational speed in
radians/s, t is the mixing time in s, and V is the volume of the slurry in m?.

Following this principle, Table 2.2.2 shows the two mixing times adopted (¢; and t2)
corresponding to each mixing stage (w; and wsy) for each cement slurry, ensuring that each

slurry achieved the same mixing energies (F; and Es).

Table 2.2.2: Mixing parameters for each mixing stage and different cement slurries

Slurry 14 M w1 wo t1  to FE )
L] kgl [RPM] [RPM] [s] [s] [kJ] [kJ]

CS0044C00 | 0.5 0.95 3000 6000 26 166 300 6400
(CS2744C00 | 0.5 0.76 3000 6000 34 208 310 6390
(CS4144C00 | 0.5 0.66 3000 6000 38 238 300 6400

Once the proposed slurries were obtained, the moulds corresponding to each test were
filled. 24 hours after mixing, the hardened specimens were removed from the moulds and
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subjected to wet curing with water saturated with quicklime until the curing time of the
corresponding test was reached. Those specimens which had reached the desired curing
time were stored, before being tested, under saturated dry surface conditions using plastic
films to ensure air-tightness.

The curing protocol was designed to ensure consistency across all specimens and was
carried out at ambient pressure and temperature at ITPN (Argentina), where the cement
pastes were produced. These specimens were then transported to the Navier laboratory
(France) for carbonation testing under the desired conditions of 90°C and 20 MPa with
CO3. Due to the multi-stage nature of the experimental campaign, curing under high
pressure and high temperature conditions was not feasible.

2.3 Methods

2.3.1 Modified Chapelle test

The pozzolanic activity of the HGMS was characterized using the modified Chapelle test
outlined in NF P18-513 [60]. This test involved determining the amount of consumed
Ca(OH); per gram of HGMS in a solution of 2 g of calcium oxide (CaO) in 250 ml of water,
maintained at a temperature of 90 °C for 16 hours. The modified Chapelle test serves as a
direct measurement of the Ca(OH)s consumption of SCM, providing information on their
pozzolanic activity, as described in Equation 2.3.1.

V1 — V2 18500
MCa(OH)2 = 7 (2.3.1)

where mc,(omn), is the mass (in milligrams) of Ca(OH)z consumed by a gram of HGMS,
V1 is the hydrogen chloride (HCI) (0.1 N) volume required to titrate 25+2 ml of filtrate
solution of the blanc experiment and V3 is the HCI (0.1 N) volume required to titrate 25+2
ml of filtrate solution of the experiment with HGMS.

Two modified Chapelle tests were performed on HGMS41 samples and three on HGMS27
samples.

2.3.2 Isothermal calorimetry

The hydration process of cement slurries, with and without the addition of HGMS, was
investigated using heat flow calorimetry conducted on a TAM AIR isothermal heat con-
duction calorimeter manufactured by TA Instruments.

The calorimetric analysis was performed in 10 ml tubular glass ampoules, where cement
slurries were mixed according to the proportions specified in Table 2.2.1, without any
superplasticizer. The glass ampoules were filled with cement and HGMS and then sealed.
The lid used had both a mixing device and a water inlet. Once the ampoule filled with
cement and HGMS was placed in the device, the required amount of water was injected,
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and a mixing process lasting 180 seconds started. Both water injection and mechanical
mixing were conducted within the confines of the calorimeter.

The tests were carried out following the guidelines of the standard ASTM C 1679 [3].
The entire process was conducted at a constant temperature of 20 °C with a precision of
0.2 mW/g of dry material.

The heat flow calorimetry technique allows monitoring the heat generated during the
cement hydration process. The heat released during cement hydration (exothermic) was
recorded by the calorimeter as a function of time, providing information about the reaction
kinetics and the overall heat release evolution during the early stages of cement hydration.

By comparing the heat flow data from cement slurries with and without cement replace-
ment by HGMS, it is possible to assess the impact of HGMS on the hydration process. The
presence of HGMS may alter the heat evolution profile, indicating potential changes in the
reaction rate and degree of cement hydration.

2.3.3 Thermogravimetric Analysis (TGA)

A Shimadzu TGA-50 was used for thermogravimetric analyses (TGA), in which a mass
of (9 = 1 mg) of powdered hydrated cement slurry (sieve No. 200) was heated from
room temperature to 800 °C with a heating rate of 10 °C/min in a nitrogen atmosphere
(30 ml/min). While the temperature increased, the sample mass was measured with a
precision of 0.01 mg.

TGA is a widely used technique to measure the amount of Ca(OH), present in cement
pastes, since significant mass loss due to Ca(OH)s dehydration is appreciated. It happens
between 440 °C and 520 °C, and, by obtaining the mass loss within these temperatures,
the amount of Ca(OH)y in the sample can be calculated as expressed in Equation 2.3.2.

Mea(on), maso — ms20
M, my

where Mcaon), is the Ca(OH)y molar mass, M,, the water molar mass, mg449 the mass of
the sample at 440 °C, ms90 the mass of the sample at 520 °C, and m; the initial mass of
the sample.

The amount of Ca(OH); in cement pastes reaches a maximum after a particular curing
time and, if there is no carbonation, it remains constant with time. This value varies
between 12% and 15% in mass, depending on the type of cement analysed and the cement
content [61, 62, 63]. In this research, cement samples with and without HGMS were tested
at 7, 28 and 56 days of curing time, as depicted in Table 2.3.1.

Ca(OH)g =

(2.3.2)
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Table 2.3.1: TGA tests on cement samples

Specimen ‘ HGMS class-content w/s ratio Curing time [days| Quantity

7
CS0044C00 0% 0.44 28
o6
7
CS2744C00 HGMS27-10% 0.44 28
o6
7
(CS4144C00 HGMS41-10% 0.44 28
o6

ot

N = N N O N

Samples were subjected to freeze-drying when necessary to maintain the curing time at
which the test was to be performed. This method is described in Subsection 2.3.10.

2.3.4 Supercritical carbonation

The cement specimens used in this research were subjected to high pressure and high
temperature conditions of 20 MPa and 90 °C, respectively, in a CO4 saturated atmosphere
in presence of water for 60 and 120 days. The specimens were first saturated in water
for 24 hours in a CaO saturated solution. Any remaining entrapped air was removed by
applying a vacuum to the container for 1 hour. A volume of 1 litre of distilled water
was added to a specially designed carbonation cell, shown in Figure 2.3.1. The saturated
specimens were then placed into the carbonation cell. The cell was sealed, and the pressure
was gradually increased to reach an approximate value of 8 MPa of COy pressure using a
pump.

The temperature was then raised in increments of 10 °C every 2 hours, ensuring that
the pressure did not exceed 20 MPa. This continued until the final conditions of 90 °C
and 20 MPa were reached. These conditions were maintained for 60 and 120 days to
investigate the effects of prolonged exposure to supercritical CO5 on the cement specimens.
The mounting method and the carbonation conditions were chosen to follow up previous
work conducted by the research group [64].
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Figure 2.3.1: Supercritical carbonation cell

To distinguish the specimens before and after various scCOs exposure times, a specific
convention is introduced in Table 2.3.2. "C00", "C60", and "C120" was added at the end
of the specimens’ name respectively, for 0, 60, and 120 days of carbonation. Furthermore,
given that some tests were performed to assess the properties of the external and internal
parts of the cylindrical carbonated specimens, the names of the specimens were modified
by adding "EXT" or "INT" for the external or internal parts of the specimen as depicted
in Figure 2.3.2, respectively.

Table 2.3.2: Pastes classification after carbonation

Paste

Carbonated 60 days

External

Internal

Carbonated 120 days

External

Internal

CS0044C00
CS2744C00
(CS4144C00
CS0060C00
CS2760C00
CS4160C00

CS0044C60EXT
CS2744C60EXT
CS4144C60EXT
CS0060C60EXT
CS2760C60EXT
CS4160C60EXT

CS0044C60INT
CS2744C60INT
(CS4144C60INT
CS0060C60INT
CS2760C60INT
CS4160C60INT

CS0044C120EXT
CS2744C120EXT
(CS4144C120EXT
CS0060C120EXT
CS2760C120EXT
CS4160C120EXT

CS0044C120INT
CS2744C120INT
(CS4144C120INT
CS0060C120INT
CS2760C120INT
CS4160C120INT
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Figure 2.3.2: Cross-section of a cylindrical cement specimen subjected to supercritical
carbonation - A: COy flow from the cell to the specimens; B: external part of carbonated
cement specimens; C: internal part of carbonated cement specimens

2.3.5 Mercury Intrusion Porosimetry (MIP)

Since the aim of the cement sheath is to isolate the stored CO2 and avoid fluid migrations,
its interconnected porosity is a fundamental factor for its performance [65]. Thus, it is
necessary to measure the porosity of each of the proposed pastes. MIP tests were performed
to understand the effect of the presence of HGMS and to evaluate the effect of exposure
to CCS conditions on the pore structure of the studied cement pastes.

The equipment utilized is a Micromeritics AutoPore IV 9500 with a maximum pressure
of 230 MPa. This test implies placing a small sample of about 1 cm?® in a penetrometer
(small recipient capable of supporting internal pressures higher than 200 MPa) which will
be filled with mercury. Then, the mercury pressure is gradually increased in steps, and
the apparatus quantifies the volume of mercury that is injected to reach each pressure
step. The assembly process of a penetrometer containing a cement sample is shown in
Figure 2.3.3.
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Figure 2.3.3: Assembly of a penetrometer with a cement sample

The physics behind this test are related to the surface tension and contact angle be-
tween mercury and the material being studied (Scrivener, Snellings, and Lothenbach 2016).
Surface tension is defined as a force per unit length, associated with the mercury’s cohesion,
which generates the lowest potential energy. This variable depends on three factors: the
nature of the liquid (cohesion), the surrounding medium, and the temperature at which
it is found. The contact angle of a given liquid is the angle between the liquid-air and
liquid-solid interfaces, and determines the ability of the liquid to wet the solid with which
it is in contact. It is closely related to the cohesion of the liquid and to the adhesion be-
tween the liquid and the solid. Usual values of surface tension () and contact angle () for
mercury in contact with hydrated cement paste are 0.480 to 0.485 N/m and 130 ° to 140 °,
respectively. By knowing the values of these parameters and considering perfectly cylin-
drical pores, it is possible to obtain a relationship between the applied mercury pressure
(P) and the pore entry size diameter (D) that is going to be penetrated at that pressure
by Equation 2.3.3.

4~y cos (6)
P

Two key measurements result from MIP tests: the accumulated porosity and the pore
entry size distribution. These parameters are discussed in more detail in Chapter 4. The

D=— (2.3.3)
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pore entry size distribution refers to the size distribution of pores accessible to mercury at
different pressures, indicating the entry points of mercury into the pore structure. From the
total volume of mercury injected throughout the test, the actual interconnected porosity
of the sample as probed by mercury can be estimated as shown in Equation 2.3.4.

HHg _ ‘/intrusion (234)
V:eample

where 04 stands for the porosity as measured by the MIP test, Vintrusion is the volume

of intruded mercury at a given pressure step, as given by the testing machine, and Vigmpie

is the volume of the sample tested. Since, Vigmpie is not a known value, but its mass was

measured right before the test, Equation 2.3.4 could be easily rewritten as:

eHg _ Vvintrusicm’}/dry (235)
Msample

where g4, is the specific weight of the dried specimen, calculated as its dry mass divided

by its volume. This specimen is later used to extract the smaller sample for testing in the

MIP, where Mqmple is the mass of that sample.

Each of the pressure steps in this test was applied with an equilibration time of 120
seconds to ensure that all pores of the corresponding entry pore size are filled.

The test needs the samples to be completely dry. For this purpose, the cement samples
of 1 cm? were freeze-dried, using the protocol described in Subsection 2.3.10.

The MIP test was conducted a minimum of two times for each cement specimen, for
non-carbonated and carbonated states. In the case of carbonated specimens, measurements
were taken from both the external (EXT) and internal (INT) parts of the cement specimens.
Table 2.3.3 summarizes all the tests performed.
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Table 2.3.3: MIP tests on cement samples

Specimen ‘ HGMS class-content w/s ratio Condition Quantity

\)

Non-carbonated
Carbonated 60 days - EXT
CS0044C00 0% 0.44 Carbonated 60 days - INT
Carbonated 120 days - EXT
Carbonated 120 days - INT

Non carbonated
Carbonated 60 days - EXT
CS2744C00 HGMS27-10% 0.44 Carbonated 60 days - INT
Carbonated 120 days - EXT
Carbonated 120 days - INT

Non carbonated
Carbonated 60 days - EXT
(CS4144C00 HGMS41-10% 0.44 Carbonated 60 days - INT
Carbonated 120 days - EXT
Carbonated 120 days - INT

Non carbonated
CS0060C00 0% 0.60 Carbonated 60 days - EXT
Carbonated 60 days - INT

Non carbonated
CS2760C00 HGMS27-10% 0.60 Carbonated 60 days - EXT
Carbonated 60 days - INT

Non carbonated
CS4160C00 HGMS41-10% 0.60 Carbonated 60 days - EXT
Carbonated 60 days - INT

DN NN DN WK NDNDDNDNDNDDNDNDDNDNDDNDNDNDNDNDND DN

Additionally, the test was utilized to analyse the behaviour of HGMS27 and HGMS41.
To carry out this analysis, a penetrometer specifically designed for powder samples was
employed. This penetrometer allows establishing the initial vacuum without letting loose
particles to exit the penetrometer. This test was performed two times on each class of
HGMS. In the tests on HGMS, the focus was on determining the pressure at which the
HGMS break under isotropic stress conditions.

In this type of test, the mercury pressure is increased until it reaches the point where
all powder particles are surrounded by mercury. Subsequently, the pressure is further
increased and, in traditional powder samples, the porosity of the individual particles is
measured. However, in the case of HGMS powder samples, the HGMS will break once the
pressure exceeds a certain threshold, due to the limited strength of the HGMS. Once the
rupture occurs, mercury intrudes into the void space within the HGMS. This allows for
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the determination of the rupture point and estimation of the volume of broken HGMS.

2.3.6 Scanning Electron Microscopy (SEM)

SEM images were obtained to conduct a qualitative analysis of the microstructure of cement
pastes. This imaging technique allowed to explore the influence of various factors, including
the w/s ratio, replacement of cement with HGMS, and carbonation, on the cement paste
microstructural characteristics.

The SEM images were taken using a FEI QUANTA 250 FEG apparatus, which provided
high resolution images of the cementitious samples. The samples were prepared by carefully
fracturing the cement pastes specimens. When necessary, the samples were freeze-dried as
explained in Subsection 2.3.10

2.3.7 Ultrasonic wave velocity

The ultrasonic wave velocity was measured on the cylindrical specimens of each paste to
determine their elastic properties. These should be consistent with those obtained from
quasi-static mechanical tests. However, factors such as poromechanical effects or creep
make them differ [66, 67, 68].

From the wave velocities measurements, the elastic properties of each paste can be
deduced according to Equation 2.3.6. The densities can be obtained by measuring the
mass and volume of each saturated cement specimen. To determine the mass densities, the
mass of each specimen was measured using a calibrated analytical balance with a resolution
of 0.001 g. The volume of each specimen was measured using a calibrated Vernier caliper
with a resolution of 0.01 mm, measuring the diameter at three different heights and taking
the average. The height was also measured three times, after rotating the specimen, to
ensure that the measurements were representative.

All measurements were performed under controlled laboratory conditions to minimize
environmental influences. Using these precise instruments and procedures, the mass density
results varied by no more than 20 kg/m3.

4
_ ‘72 . _ 2 2

Equations 2.3.6 for calculating K and G are valid for homogeneous, isotropic and linear
elastic materials, but they could be applied to heterogeneous materials as long as the size
of the representative elementary volume (/) is much smaller than the wavelength of the
ultrasonic pulse used (A) [69]. This is known as the separation of scale requirement, and it
should be verified since lightweight cement pastes used in this research are heterogeneous
materials. For the measurements in this study, the frequency of the ultrasonic pulse was
500 kHz. With the measured velocities, the wavelength (at least 4 mm, depending on the
specimen) was verified to be significantly larger than the microspheres (approximately 30
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and 40 pm) and the representative elementary volume of the material to consider that the
separation of scale requirement is satisfied (I < \).

By evaluation of the bulk and shear moduli, the other elastic parameters (E and v)
can then be calculated using classical relationships shown in Equation 2.3.7:

IKG 3K — 2G
E=sg+¢ ' " 3k+a (2:37)

2.3.8 Uniaxial Compressive Strength (UCS)

The UCS test is a standard method used to evaluate the unconfined mechanical strength of
cementitious materials. In this study, UCS was initially employed to assess the pozzolanic
activity of HGMS in terms of the Strength Activity Index (Ig4), following the American
Standard ASTM C 311 [56].

The UCS for obtaining the Is4 was measured according to ASTM C 109 [70], which
specifies the use of cubic specimens with 5 cm sides. Also, the standard was adapted for well
cement pastes with the proportions given in Table 2.2.1. The test involved comparing the
strength of plain cement pates and cement pastes with 10% in weight replaced by HGMS.
UCS measurements were conducted after 7 and 28 days of curing time. Six specimens
of each paste were tested at both curing times using an INSTRON 5900 series Universal
Testing System equipped with a spherical head. The compression rate was set at 0.7
mm/min [70].

Cylindrical specimens were used to measure the strength and obtain results comparable
with those from triaxial compression tests. UCS tests were performed on a 100 kN testing
machine at a constant rate of 0.7 mm/min. The reaction force was measured with a
precision of 0.1 N, from which the UCS values were obtained for all specimens. The average
UCS values were calculated from at least three specimens to ensure reliable results. A list
of the tests performed is shown in Table 2.3.4.
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Table 2.3.4: UCS tests on cylindrical cement specimens

Specimen ‘ HGMS class-content w/s ratio Condition Quantity
CS0044C00 0% 0.44 cifﬁﬂfftﬁoggtﬁgys ;)
CS2744000 | HGMS27-10% 0.44 Cgfj;;;ﬁ)g?ijys )
(CS4144C00 HGMS41-10% 0.44 ngg;;riloggtzgys ;)
CS0060C00 0% 0.60 C;\igzrf;r;z;ggtggys 2
CS4160C00 HGMS41-10% 0.60 Ciﬁg;;tﬁfggtzjys ;)

2.3.9 Triaxial compression tests

The triaxial compression test is a widely used technique in the characterization of materials,
where cylindrical specimens of 38.1 mm in diameter and 76.2 mm in height are subjected
to specific loading conditions to evaluate their mechanical behaviour under different states
of stress.

The triaxial compression tests were conducted using a specially designed testing system
for high pressure and high temperature triaxial compression tests of up to 150 MPa and
200 °C, respectively. Figure 2.3.4 shows a global view of the testing system and the
confinement cell, where the specimens are placed.
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Figure 2.3.4: View of the testing system and the confinement cell of the triaxial testing
system

To measure the strains undergone by the specimens, two types of devices were used:
Linear Variable Displacement Transducers (LVDT) and Strain Gage cells (SG). The LVDTs
were placed on two opposite generatrices of the cylindrical specimen to measure axial
strains. These can be seen in Figure 2.3.5, which shows that the LVDTs are mounted on
metal discs placed around the specimen. This arrangement allows the LVDTs to measure
the relative displacement between the upper and lower discs. As the discs are in fixed
contact with the specimen at different heights (corresponding to different sections), the
measured displacement accurately reflects the change in length of the specimen between
the sections where the discs are positioned. The SGs were used to measure local radial
strains, with two SGs positioned on opposite generatrices of the specimen. To attach the
SGs to the surface of the specimens, the area where they were to be placed was first cleaned
by lightly sanding the surface. The SGs were then carefully positioned using adhesive tape.
They were then fixed using a cold-curing ethyl-based cyanoacrylate glue that cures in 1
minute, and requires 24 hours to set. This specially designed glue is used to avoid interfering
with the measurements of the strains of the specimens.

Before placing the specimens in the triaxial machine, they underwent an initial satura-
tion process. For this purpose, the specimens were fully immersed in CaO saturated water
for 24 hours. Then, the container with the specimens and CaO saturated water was then
connected for 1 hour to a vacuum pump to remove any trapped air in the specimens.
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Figure 2.3.5: Specimen prepared for triaxial compression test, showing the local strain
measurement system

After this initial saturation stage, the specimen is mounted in the apparatus as shown
in Figure 2.3.5. The SGs are attached first, followed by the black flexible membrane
(impermeable sleeve) and finally the discs to which the LVDTs are fixed. The membrane
hermetically seals the entire surface of the specimen and extends above and below the
height of the specimen. The excess membrane at both ends is securely attached to the
machine heads using high-vacuum grease.

The membrane serves a vital purpose: it isolates the specimen from the fluid (oil)
used to generate the confining pressure (p) in the triaxial apparatus. This isolation al-
lows for different pore and confining pressures within the specimen, while preventing oil
contamination.

Once the specimen is mounted, the seal of the membrane is tested by creating a vacuum
within the specimen and ensuring that it is maintained for a period of time (1 to 2 hours).
Once the seal is confirmed, the cell is sealed and filled with oil to create the confining
pressure. The confining pressure is gradually increased to 6 MPa, followed by an increase
in the pore pressure to 5 MPa. The difference between the confining pressure and the pore
pressure ensures that the pressure inside the membrane (where the specimen is located) is
always lower than the pressure outside the membrane. This, together with the previous
vacuum control, ensures that no oil leaks from the cell into the membrane.

The specimen is held under these conditions for 48 hours to complete a second saturation
stage, ensuring a uniform pore pressure of 5 MPa throughout the specimen. After this, the
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triaxial tests begin. Within this work, 2 types of drainage conditions were considered for
tests on saturated cement specimens, namely drained and undrained tests.

In undrained tests, the mass of fluid inside the specimen remains constant (closed
boundaries), resulting in changes in pore pressure when stress conditions are altered and
induce poromechanical couplings. Drained tests are those in which the pore pressure is
kept constant throughout the test by ensuring that mechanically induced fluid overpressure
dissipate by allowing the pore fluid to flow in or out of the specimen.

For undrained tests, the confining and deviatoric (q) pressures were increased at a
rate of 0.1 MPa/min, while for drained tests, these pressures were increased at a rate of
0.025 MPa/min [71].

The static elastic moduli (K and E) are determined from the stress-strain curves ob-
tained during the triaxial tests, specifically in the initial elastic region before plastic strains
occur. These values are calculated from the slopes of the curves in the elastic range. K
is derived from the relationship between changes in p and volume strain, while E is calcu-
lated from the relationship between ¢ and axial strains, assuming linear elastic behaviour
of the material. To ensure the accuracy of the values obtained, multiple measurements
were made for each type of test (drained and undrained), and the results were averaged.
For each parameter, the same pressure range was used for all specimens in order to obtain
comparable results.

For both drained (index d) and undrained (index ) conditions, the elastic parameters,
specifically the bulk (K4, K,,) and Young moduli (E4, E,, ), were determined. Furthermore,
the behaviour until reaching the compressive strength at different confining pressures was
assessed under drained conditions. In the context of this research, triaxial compression
tests were performed on cement pastes with varying w/s ratios and partial cement re-
placement with HGMS, both before and after being subjected to supercritical carbonation.
Tables 2.3.5 and 2.3.6 list the triaxial compression tests performed on the different cement
specimens at 15 MPa and 30 MPa of confining pressure, respectively.
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Table 2.3.5: Triaxial compression tests with confining pressure of 15 MPa

Specimen ‘ Test Quantity
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Table 2.3.6: Triaxial tests with confining pressure of 30 MPa

Specimen ‘ Test Quantity
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2.3.10 Freeze-drying

Freeze-drying emerges as the preferred method for drying cement specimens, offering a
dual benefit: halting hydration for consistent comparisons and meeting the requirements
of some specific tests previously outlined. This approach stands justified by its ability to
preserve composition, minimize chemical interactions, and mitigate atmospheric carbon-
ation effects, all while maintaining the specimen’s porosity and permeability [72]. Rapid
freezing in liquid nitrogen prevents the formation of damaging ice crystals, safeguarding the
integrity of the microstructure. Moreover, by eliminating the use of solvents, freeze-drying
minimizes potential alterations to specimen properties and reduces moisture exposure, thus
curtailing carbonation compared to oven drying. Ultimately, freeze-drying facilitates ac-
curate assessments of porosity and permeability, crucial for comprehending the behaviour
of cement pastes.

When needed, the freeze-drying method was used to dry the cement specimens. This
technique involves subjecting the specimens to the freezing temperature of liquid nitrogen,
followed by a drying process under reduced pressure. During freeze-drying, the frozen
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water in the specimens undergoes sublimation, directly transitioning from the solid state
to vapour without passing through the liquid phase. This method allows for the removal
of moisture from the specimens while preserving their structural integrity.

In the present work, millimetre-sized fragments of cylindrical specimens, typically less
than 1 cm in size, were frozen by direct immersion in liquid nitrogen at -196 °C. These
fragments were obtained by breaking the cylindrical cement specimens. If necessary for the
specific test, they were sanded slightly to ensure consistent shapes from sample to sample.
Subsequently, specimens were dried at low temperature (-50 °C) and pressure (5 Pa) for
24 hours, as proposed by Zhang and Scherer [73].
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Chapter 3

Interaction between HGMS and
the cement paste

3.1 Introduction

This chapter, the first one in which the experimental results are presented and discussed,
focuses on the effects that the use of HGMS have on class G cement pastes. More specifi-
cally, it discusses the effects of HGMS on cement hydration in terms of HGMS’ pozzolanic
activity and filler effect.

As mentioned in Chapter 1, the rate and products of cement hydration are affected by
several factors, among which the use of SCM stands out. Understanding this is important
in order to further explore the effects of scCOqy exposure on cements containing HGMS.
In Chapter 1, it was also shown that upon exposure to scCQOs, the hydration products of
cement react chemically to form water, CaCOj3 crystals, and amorphous silica. Since the
carbonation reactions presented in Equations 1.4.7 to 1.4.12 have different kinetics, the
advancement of the cement paste carbonation will depend not only on its compactness,
but also on its chemical composition.

Therefore, it is imperative to study the role of HGMS in the hydration reactions of
cement in order to understand how they influence its chemical composition and compact-
ness. This analysis lays the foundation for understanding the behaviour of HGMS cement
pastes exposed to scCOq, which will be discussed in the following chapters.

On the one hand, the pozzolanic activity refers to the ability of certain materials to
react with Ca(OH)s and water in the presence of cement, forming CSH. This is known to
increase the strength and durability of the resulting material in traditional construction
applications. The pozzolanic activity of HGMS was estimated based on the modified
Chapelle test, the quantification of Ca(OH)s2 from TGA, and the Ig4 obtained from UCS.
Additionally, SEM images were obtained to analyse microstructural features.

On the other hand, the filler effect describes how finely ground additives can accelerate
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cement hydration by providing additional nucleation sites [29]. It was discussed from TGA
results and SEM images at short hydration time, in addition to isothermal calorimetry
tests.

3.2 Direct measurement of the pozzolanic activity

As highlighted in the introduction of this chapter, pozzolanic activity involves the reaction
of a material with Ca(OH)s produced during cement hydration to form CSH. This chemical
interaction is crucial as it is known to enhance the properties of cement pastes significantly.
Utilizing cement with pozzolanic materials not only boosts strength and durability but
also allows reducing the cement content. Furthermore, the pozzolanic activity influences
the chemical composition and compactness of the cement paste, thereby impacting the
mechanisms of supercritical carbonation.

Hence, in order to quantify the pozzolanic activity of HGMS, the modified Chapelle
test was carried out. Following NF P18 — 513 [60], the modified Chapelle test can be
performed to obtain a direct measurement of the pozzolanic activity of SCM by obtaining
the amount of Ca(OH)y consumed applying Equation 2.3.1.

The two classes of HGMS considered in the present study were tested. The results
are shown in Figure 3.2.1. Given the conditions in which this test is performed, it can be
assumed that it evidences the maximum pozzolanic activity potential of HGMS. It can be
appreciated that the HGMS show a Ca(OH)2 consumption of 1107 mg/g and 1365 mg/g
for HGMS41 and HGMS27, respectively. Given that the standard limit established in NF
P18 — 513 [60] to consider a SCM as pozzolan is 700 Ca(OH)2 milligrams per SCM gram
and that both HGMS overcome it, it is already possible to confirm their pozzolanic activity.

== ==  Standard limit

Consumed Ca(OH)

[Ca(OH)y mg/admixture g
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Figure 3.2.1: Ca(OH)y consumed per gram of HGMS following the modified Chapelle test

Results of the modified Chapelle test obtained by Ali et al. [74] and Vejmelkova et al. [75]
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for pulverized fly ash and silica fume are, respectively, 550 and 1600 Ca(OH)y milligrams
per SCM gram. Besides, for commercial metakaolin studied by Ferraz et al. [76], values
ranging from 900 mg Ca(OH)y/g to 1600 mg Ca(OH)2/g were obtained. Considering these
reference results, the HGMS studied in this research show a behaviour similar to that of
commercial metakaolin, with a pozzolanic activity lower than that of silica fume.
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Figure 3.2.2: Modified Chapelle test results for HGMS and reference admixtures with
varying D50

Ferraz et al. [70] established a correlation between the particle size and Ca(OH)y con-
sumption: the smaller the particle size, the higher the Ca(OH)y consumption per SCM
gram. This phenomenon is represented in Figure 3.2.2 for both HGMS, fly ash, silica
fume, and commercial metakaolin studied by Ali et al., Vejmelkova et al., and Ferraz et
al. [75, 74, 76], respectively. The figure shows that the trend mentioned by Ferraz et al. is
generally verified, including when considering the two classes of HGMS and their respec-
tive mean diameter, D50. Therefore, the variation of the Ca(OH)s consumption between
HGMS41 and HGMS27 can be explained by their respective sizes. Finally, a greater reac-
tivity of HGMS could explain the difference when comparing them with smaller sized fly
ash and metakaolins in the cited studies.

3.3 Cement hydration heat release

This section examines the heat released during the hydration of cement pastes, which is
important for understanding the behaviour of the material in the early stages. The aim
is to see how the addition of HGMS affects this heat release through its filler effect. The
results of the calorimetric tests showed differences in the heat patterns between pastes with
and without HGMS, highlighting the role these materials play in the hydration of cement.
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Understanding these variations in heat release is key to assessing the impact of HGMS on
the final composition and microstructure of the cement, as these factors affect not only
hydration but also the long-term performance of the material.

When a material presenting the filler effect is added into cement pastes, it accelerates
the chemical reactions during hydration by providing additional nucleation sites for the
formation of cement hydration products. Furthermore, this effect can improve the com-
pactness of the material, making it more resistant to the exposure to conditions found in
scCOq injection wells.

Cement hydration is the physico-chemical process resulting from mixing water and
cement, from which cement hardening occurs, as explained in Chapter 1. The chemical
reactions involved in this procedure are exothermic, i.e. releasing heat. By measuring this
heat, the cement hydration reactions can be monitored. Isothermal calorimetry test was
performed in three cement slurries: the reference one (CS0044C00), the cement slurry with
10% of HGMS27 (CS2744C00), and the cement slurry with 10% of HGMS41 (CS4144C00).
Figure 3.3.1 shows the heat flow and the total heat normalized per gram of cement.
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Figure 3.3.1: Heat flow (solid line) and cumulated heat (dotted line) normalized per gram
of cement obtained following ASTM C 1679 [3] for each cement paste

As specified in ASTM C 1679 [3], the heat release curves are characterized by different
zones: the initial heat flow related to the wetting and dissolution of cement and the begin-
ning of its hydration, a dormant period, a heat flow increase associated with CsS hydration
reactions that contribute to setting and initial strength of cement slurries (related to the
second heat flow maximum), a local minimum related to sulphate depletion and the third
peak, which is associated to accelerated calcium aluminate activity. The third peak can
be challenging to differentiate from the main hydration peak in some mixes containing
SCM [3]. In these mixes, an overlap between the third peak, the depletion point, and the
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calcium aluminate activity peak may occur.

As can be appreciated in the close-up view of Figure 3.3.1 and in Table 3.3.1, the initial
heat release of all three slurries is high when water is mixed with anhydrous cement and
HGMS. The heat flow reached a maximum value at 6 to 8 minutes for all slurries. In
accordance with the research published by Hua et al. [77], CS2744C00 slurry yields the
highest heat flow due to HGMS27’s relatively high specific surface area, which is related
to its low density and D50. The specific surface area of the SCM used influences the
wetting and dissolution of the cement. The authors suggest that beyond a certain specific
surface area, SCM can become well wetted, thereby increasing the initial heat flow. Given
HGMS27’s higher specific surface area, it explains why CS2744C00 exhibits greater initial
heat flow compared to CS4144C00, and suggests that HGMS27 reaches the threshold where
it is well wetted, enhancing the initial heat flow relative to CS0044C00. In contrast, the
lower specific surface area of HGMS41, appears insufficient to meet this condition, resulting
in initial heat flow values per gram of cement that are even lower than those of CS0044CO00.

Table 3.3.1: Singular points of normalized heat flow and normalized heat of slurries

CS0044C00, CS2744C00 and CS4144C00

‘CSOO44COO CS2744C00  CS4144C00

Normalized heat flow local max 1

[mW /g cement] 7.19 7.91 5.61
Normalized heat flow local min 1

[mW /g cement] 0.38 0.34 0.42
Time for normalized heat flow local min 1

[min] 214.1 218.2 176.8
Normalized heat flow local max 2

[mW /g cement] 2.38 2.41 2.46
Time for normalized heat flow local max 2

[min] 842.8 972.0 842.5
Max normalized heat

[J/g cement] 316.2 325.8 329.3

After the initial heat flow peak, the dormant period occurs. The behaviour of all
three slurries is very similar in terms of minimum value of normalized heat flow [mW /g of
cement|, which is noteworthy since CS2744C00 and CS4144C00 have less cement per unit
volume. The slurry with the minimum value is CS2744C00, followed by CS0044C00 and
(CS4144C00. Nevertheless, this minimum is reached about 30 minutes earlier for CS4144C00
when compared to CS0044C00 and CS2744C00, which is an indicator of the acceleration
in the hydration induced by HGMS41.

As for the maxima corresponding to the main hydration peaks, the normalized heat
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flow values are, once more, similar. However, there is a pronounced time variation between
(CS2744C00 and both CS0044C00 and CS4144C00. CS2744C00 reaches the maximum hy-
dration peak approximately 130 minutes later than CS0044C00 and CS4144C00. According
to ASTM C 1679 standard [3], this finds an explanation in the disappearance of the de-
pletion and calcium aluminate peaks in slurry CS2744C00 as Figure 3.3.1 shows, in which
only one peak is distinguishable after the dormant period for this cement paste.

Also, the slopes of the curves between the dormant period and the second peak, which
can be appreciated in Figure 3.3.1, show a similar increase rate of the normalized heat flow
between CS0044C00 and CS4144C00 slurries. On the other hand, the CS2744C00 slurry
shows a slightly lower slope, which means a lower increase rate of the normalized heat flow
and, consequently, slower hydration.

Finally, the maximum normalized released heat [J/g of cement] is higher for slurries
(CS4144C00 and CS2744C00 in comparison to CS0044C00, as stated in Table 3.3.1. These
results indicate greater hydration per gram of cement within the first 190 hours for slurries
with a 10% addition of HGMS27 and HGMS41.

The results found by Ouellet-Plamondon et al. [78] for mortars with the addition of 20%
of calcined clay compared to reference mortar showed a significant decrease in the heat flow
peaks and the slope of the curve between the dormant period and the second peak. This
result is comparable to the behaviour appreciated in Figure 3.3.1 for CS2744C00. This
behaviour changed with the addition of micro limestone and CSH seeds. Both admixtures,
regardless of the added amount, reduced the dormancy to lower periods than those of
reference mortar. The behaviour of micro limestone and CSH seeds is similar to that
observed in Figure 3.3.1 for HGMS41, which could consequently induce an acceleration in
the hydration kinetics.

Isothermal calorimetry was also used by Cordeiro et al. [61] to study the influence of
sugar cane bagasse ash (SCBA) on hydration kinetics. They carried out calorimetry tests
on three mixes: a reference mix and two mixes with 10% and 20% of SCBA by weight of
cement. The heat flow results showed a delay in hydration reactions in mixes with SCBA.
Furthermore, the greater its addition, the higher the delay, which was evidenced with a
more extensive dormant period. SCBA had a D50 of about 10 pm and still produced a
predominant dilution effect. Then, the composition of HGMS is likely to contribute to
hydration at an early age. The alkalinity of the cement slurry may enhance the dissolution
of HGMS, which releases more sodium into the solution and contributes to more dissolution
and enhancement of hydration. Additional experiments in future work should prove this.

In the research of Pane and Hansen [62], silica fume (SF), which has a more similar
chemical composition to HGMS than SCBA and limestone, is added to cement pastes.
The heat of hydration of plain cement pastes and pastes with 10% by weight of cement
replacement by SF are obtained at 23 °C with different water to binder ratios (w/b).
When using a 0.45 w/b, the heat of hydration obtained for pastes with SF is lower than
that obtained for plain cement pastes for the entire measurement period. This is certainly
similar to the results of slurry CS2744C00 presented in Figure 3.3.1. As verified by Pane
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and Hansen [62] when studying the heat of hydration with 0.35 w/b, this suggests that
(CS2744C00 may reach higher ultimate heat of hydration than CS0044C00. Therefore,
HGMS27 might also be acting as nucleation agents.

From these researches and the obtained results, it can be appreciated that the addition
of HGMS of different classes to cement slurries could affect hydration kinetics of cement
during the first hours. It is highly probable that depending on physical properties (mainly
D50), chemical composition, and percentage of HGMS, these could act as nucleation agents.
Given the maximum normalized heat per gram of cement measured, the addition of both
HGMS entail, to some extent, an increase in the final heat of hydration.

3.4 Ca(OH); consumption and changes in strength

This section aims at measuring the changes in the chemical composition of the cement
pastes induced by the presence of HGMS. For this purpose, the TGA was used to measure
the content of Ca(OH)s. The amount of Ca(OH)y changes with time, due to the hydration
of the cement, the filler effect, and the pozzolanic reaction of the HGMS. Therefore, deter-
mining the amount of Ca(OH)2 of cement pastes at different curing times can indicate the
extent of both, the filler effect and the pozzolanic reaction induced by these SCM. Tests
were carried out on CS0044C00, CS2744C00, and CS4144C00 pastes at different curing
times (7, 28, and 56 days). The results are presented in Figure 3.4.1a.

Knowing the amount of Ca(OH)2, the fixed Ca(OH)z can be calculated. It is defined
as the relative difference between the amount of Ca(OH)s in the reference cement pastes
and the amount of Ca(OH)y in the cement pastes with HGMS at a given curing time
(Equation 3.4.1). This parameter is described by Ghoddousi and Adelzade Saadabadi [63]
and by Veldzquez et al. [79], and it is calculated using Equation 3.4.2.

C = (Ceement)/(Ceement + CHGMS) (3.4.1)

Ca(OH)S™'C — Ca(OH)5™*
Ca(OH)5™‘C

where C is the cement mass fraction (0.9 in these pastes), Ceement is the cement content,
Craus is the HGMS content, Ca(OH)4 % is the fixed Ca(OH)y content at a curing time
“” (%], Ca(OH)S ™" is the Ca(OH)s content in the reference paste at curing time “i” [%]
and Ca(OH)5~" the Ca(OH)y content in the paste with HGMS at curing time “i” [%).
The product Ca(OH)5™* by C corresponds to the amount of Ca(OH)s produced during
the hydration of the cement present in pastes without any HGMS, scaled by the actual
cement content in the pastes containing HMGS for meaningful comparisons. The difference
between (CCa(OH)5™ C) and Ca(OH)5~* quantifies the difference in Ca(OH); content at a
curing time “i” between pastes with no HGMS and pastes containing HGMS. This difference
can only be attributed to the presence of HGMS, all other parameters being equal. This

Ca(OH)} " = (3.4.2)
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difference is finally normalized by the scaled amount of Ca(OH)s produced in the reference
paste. It is worthwhile noting that calculated values of the fixed Ca(OH)2 content could
be either negative or positive.

Negative values of fixed Ca(OH)2 content correspond to higher Ca(OH)s2 content in
cement pastes containing HGMS, indicating an increase in the cement hydration [79], and
demonstrating that the HGMS are acting as nucleation agents. This parameter could
also adopt positive values, meaning that the amount of Ca(OH)y measured by TGA in
cements containing HGMS (or any other SCM) is lower than expected. In their research,
Ghoddousi and Adelzade Saadabad [63] and Veldzquez et al. established that positive
values are indicators of pozzolanic activity, which consumes Ca(OH)y [79]. It is important
to note that Ca(OH)s nucleation and pozzolanic reactions are two competing phenomena
induced by the presence of HGMS, one possibly showing predominance over the other
depending on the curing time.

The fixed Ca(OH)y contents for CS2744C00 and CS4144C00 pastes at 7, 28, and 56
days are presented in Figure 3.4.1b. This figure illustrates the interest of using the fixed
Ca(OH)z content, as this parameter accounts for the actual content of cement in each
paste, and thus allows to quantitatively determine which of the two phenomena mentioned
above, namely Ca(OH)y nucleation and pozzolanic reactions, is predominating.
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Figure 3.4.1: TGA results for the three cement pastes at different curing times

After seven days of hydration, fixed Ca(OH)s values are negative for both pastes with
HGMS. This indicates that both HGMS are predominantly acting as nucleation agents for
cement hydration products, and notably Ca(OH)s content. This behaviour is a confirma-
tion of the results obtained from the maximum normalized heat measured with isothermal
calorimetry. When increasing the curing time, fixed Ca(OH)s content increases. At curing
times of 28 and 56 days, the values obtained for this parameter are positive, indicating the
predominance of the pozzolanic activity of HGMS over the role it plays in creating more
nucleation sites.

Veldzquez et al. [79] obtained similar results for some combinations of fly ash and SCM.

CHAPTER 3. INTERACTION BETWEEN HGMS AND THE CEMENT PASTE 54



These authors obtained negative values of around -20% after 3 and 7 days of curing time,
and positive values of approximately 15% after 90 days. According to their results and
conclusions, it is plausible to state that HGMS are mainly behaving as fly ash, transitioning
from nucleation agents at low curing times to predominantly pozzolanic materials at high
curing times.

The chemical interactions between HGMS and cement hydration products discussed
throughout this chapter are expected to significantly impact the strength and the durability
of the resulting cement pastes. To quantify these mechanical aspects and to determine
the pozzolanic activity of HGMS from another perspective, UCS tests were performed,
and the Ig4 proposed by ASTM C 311 [56] was calculated. The evolution of UCS has
been used by many authors [30, 81, 82] to quantify the mechanical effects of SCM. The
compressive strength of cement specimens with SCM should increase with increasing curing
time. Furthermore, in accordance with Matos and Sousa-Coutinho [80] and Ismail et
al. [32], a significant increase in UCS after 28 days means that pozzolanic activity occurred.

The UCS of the three pastes were measured at different curing times, as shown in
Figure 3.4.2a. Ig4 values were calculated using Equation 3.4.3 and plotted in Figure 3.4.2b:

RC,
RC,;

where RC, ; is the UCS of cement paste with HGMS at curing time “i” (7, 28 or 90 days)
and RC); the UCS of the reference cement paste at the same curing time “¢”.

ASTM C 618 [33] establishes a lower bound for Is4 of pozzolans equal to 0.75 for a 20%
replacement in cement mortar with a w/c ratio of 0.5. HGMS were added at only 10%,
because of lack of workability at higher proportions, in a cement paste with a w/s ratio of
0.44. Despite the composition differences, this Is4 threshold could be considered a reference
value. Both pastes, with 7 days of curing time, presented Ig4 higher than 0.80, while at
28 days of curing time, this index is higher than 0.75 only for CS4144C00. According to
these results, HGMS may exhibit some pozzolanic activity. Particularly, HGMS41 verifies
the conditions established in ASTM C 618. However, while pozzolanic activity is typically
associated with long curing times, the results for both HGMS indicate a decrease in Iga

as curing time increases.

Isa = (3.4.3)
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Figure 3.4.2: Uniaxial compressive test results at 7 and 28 days of curing time

As stated by Brooks et al. [34], among others, the UCS does not rely only on the SCM
pozzolanic activity but also on other properties such as their particle size and mechanical
properties, notably their crush strength. These authors studied the addition of lightweight
fillers with low crush strength, such as expanded polystyrene spheres (EPS) and expanded
thermoplastic spheres, demonstrating how such materials severely reduce the UCS of ce-
ment pastes. They compared these results to those obtained for cement pastes with HGMS
and fly ash cenospheres, confirming that the shell properties of the SCM and its size affect
the mechanical properties of cement pastes. Larger particle size and lower shell thickness
decrease the crush strength and, therefore, decrease the UCS of cement pastes. Consid-
ering these results, the behaviour of the studied pastes could be explained, especially for
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(CS2744C00, since HGMS27 presents lower crush strength — and smaller shell thickness —
than HGMS41.

Since HGMS are hollow, adding them increases the paste’s occluded porosity. This is
evident from the reduction in density of the hardened cement pastes, which drops from
2.19 g/cm? for CS0044C00 to 1.77 g/cm? for CS4144C00 and 1.48 g/cm? for CS2744C00.
Additionally, because HGMS27 has a lower density than HGMS41, 10% of HGMS27 adds
more volume and thus creates more occluded porosity compared to HGMS41.

Based on the density reduction and increased occluded porosity caused by the HGMS,
their impact on the UCS is more noticeably than their pozzolanic activity. The reduced
density and the greater volume occupied by HGMS, due to their lower density and larger
volume per unit weight, significantly influence the strength characteristics of the cement
paste. Then, it can be concluded that when it comes to UCS, the shell properties of a hollow
particle and the volume occupied by the SCM in the cement paste are more important than
its pozzolanic activity. This observation lead us to propose an analytical homogenisation
model to predict the mechanical properties of cement pastes of different HGMS classes,
considering their geometry and the mechanical properties of the material forming their
outer shell. This development is presented in Chapter 6 of this research.

As previously discussed, HGMS27 occupies a higher volume fraction in CS2744C00
than HGMS41 in CS4144C00. Additionally, HGMS27 has a lower crush strength than
HGMS41. Hence, Is4 may not be an appropriate index when evaluating the pozzolanic
activity of HGMS, since it does not consider these two properties that significantly affect
the strength of cement pastes.

In the context of scCOs injection wells, where cement pastes are subjected to extreme
conditions, the difference in strength obtained in cements with HGMS27 and HGMS41
compared to those without HGMS and the discussion on the importance of HGMS strength
and the volume occupied by HGMS are of particular interest. First, the reduction in
uniaxial strength exhibited by cement pastes with HGMS can be related to the durability
of the pastes, as is common practice in the construction industry [85]. In the traditional
construction industry it is generally accepted that the lower the strength, the lower the
quality of the cement, which implies a reduction in durability. Second, and even more
interesting, is the question of the occluded porosity that HGMS confer to cement pastes.
The role played by this occluded porosity in the supercritical carbonation mechanisms of
cement pastes with HGMS will be thoroughly discussed in Chapters 4 and 5.

Finally, SEM images obtained for cement pastes CS2744C00 and CS4144C00 after
7 and 28 days of curing time are presented in Figure 3.4.3. Figures 3.4.3a and 3.4.3b
show the SEM images of CS2744C00 and CS4144C00 after 7 days of curing time. These
already show the compatibility between cement and HGMS. A good interface between
these materials exists. Moreover, some hydration products appear to have formed over
the HGMS, confirming the filler effect of this material. Figures 3.4.3c and 3.4.3d show the
SEM images of CS2744C00 and CS4144C00 after 28 days of curing time. The behaviour
is roughly the same as that shown at 7 days of curing time, but an increased compactness
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of the cement matrix and an even better interface between HGMS and cement hydration
products is noticeable. It can be concluded that these images are consistent with the results
previously discussed.

during 7

Nl

days

»

3.0

(c) CS2744C00 cured during 28 days

Figure 3.4.3: SEM images of CS2744C00 and CS4144C00 at 7 and 28 days of curing time

In order to comprehensively analyse the effects of the presence of HGMS on the cement
pastes, the previous results are now jointly discussed.
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To reach a general comparison of the filler effect and pozzolanic activity of HGMS27 and
HGMS41, Figures 3.4.4 and 3.4.5 show the experimental results and the various calculated
quantities introduced previously for both HGMS. The closer the value is to the external
boundary, the higher is the corresponding property.

Second normalized —6— HGMS27
heat flow maximum —&— HGMS41
[mW /cement g

. Maximum normalized heat

7 days Fixed Ca(OH),
¢ [J/cement g]

(%]

0'to 329.3

0.0012 to 0

Inverse of time for normalized
heat flow local maximum 2
[1/min]

Figure 3.4.4: Filler effect comparison between HGMS27 and HGMS41

Figure 3.4.4 presents the main parameters that characterize the nucleation effect of
HGMS. To begin with, the absolute fixed Ca(OH)s value at seven days for HGMS41 is
larger than for HGMS27, indicating more activity as a nucleation agent of the former.
This result agrees with those obtained in the isothermal calorimetry test. Despite having
almost the same normalized heat and second normalized heat flow maximum, the time for
which the latter is reached is larger for CS2744C00 than for CS4144C00, which means a
slower hydration reaction for CS2744C00.

Figure 3.4.5 shows a higher pozzolanic activity for HGMS41 compared to HGMS27,
as observed from results of both TGA and Ig4. HGMS41 has, on the one hand, a higher
density than HGMS27. Since HGMS were added to the pastes in the same proportion,
the higher density of HGMS41 entails a smaller volume added to the paste than HGMS27.
On the other hand, HGMS41 has higher crush strength than HGMS27. This might con-
tribute to a higher compressive strength for CS4144C00 since, as aforementioned, the shell
properties of the SCM could severely affect the results obtained in UCS. Given also the
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Figure 3.4.5: Pozzolanic activity comparison between HGMS27 and HGMS41

higher volume of HGMS27 in CS2744C00 than for HGMS41 in CS4144C00, the observed
difference does represent not only the pozzolanic activity of the HGMS involved but also
other properties that unintentionally (but necessarily) affect the mechanical properties and,
particularly, the compressive strength.

Analysing the modified Chapelle test reveals that the results align with the findings
of [76]: reactivity increases as the D50 decreases. HGMS27, which has a smaller D50, shows
higher values for the "Inverse of HGMS D50" parameter and more pozzolanic activity in
the modified Chapelle test compared to HGMS41. However, these results are inconsistent
with the pozzolanic activity measured by TGA. TGA measurements suggest that HGMS41
is actually more reactive.

In order to understand this difference, special attention must be paid to the condi-
tions at which both tests are performed. On the one hand, the modified Chapelle test is
performed by exposing HGMS to a highly concentrated Ca(OH)2 solution at high temper-
atures. In such conditions, the high temperature and the Ca(OH); availability (which does
not change regardless of the class of HGMS being evaluated) ensure that the reactivity
of the SCM can be tested at its full potential. On the other hand, TGA is performed on
cement pastes that were previously cured at room temperature. The Ca(OH)s availability
is not the same on every paste mainly because of the higher volume fraction occupied by
HGMS27 than HGMS41, implying a reduction in the cement volume fraction from paste
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CS2744C00 to paste CS4144C00, thus, Ca(OH)2 availability.

Therefore, the modified Chapelle test evidence the reactivity potential of HGMS, while
TGA measures their reactivity when added to cement pastes, with the corresponding
Ca(OH), availability. These differences in testing conditions could explain why HGMS41
appears to be more reactive when tested using the Chapelle test than when using TGA.
Nevertheless, from both tests it is concluded that both HGMS27 and HGMS41 interact
with the cement paste with a pozzolanic reaction.

3.5 Conclusion

Understanding the behaviour of cement pastes containing HGMS is critical for their effec-
tive use in well cementing, particularly under scCOq exposure. This chapter has highlighted
the significant influence of HGMS on the hydration process of class G cement pastes. By
analysing both the pozzolanic activity and the filler effect, it is clear that HGMS play a key
role in modifying the chemical composition and compactness of the paste. The following
conclusions have been obtained:

e SEM images confirmed that HGMS41 and HGMS27 interact with cement paste hy-
dration products. Furthermore, given the quantification obtained through the modi-
fied Chapelle test and TGA, it can be confirmed that both HGMS present a pozzolanic
activity similar to that of smaller sized SCM, such as metakaolins or fly ash. The
pozzolanic activity of HGMS leads to a decrease in Ca(OH)2 content.

e The studied HGMS also present a nucleation effect, since higher heat flow and heat
maxima normalized per gram of cement were obtained for cement slurries with HGMS
in the isothermal calorimetry test. For CS4144C00, these values were 3.4% and 4.1%
higher than those for CS0044C00, respectively. For CS2744C00, they were 1.3% and
3.0% higher, respectively. These increases could indicate the formation of additional
nucleation sites when adding any of the studied HGMS to cement slurries. This effect
was slightly higher for HGMS41.

o Confirming these results, fixed Ca(OH)y content measured by TGA at early curing
times presented negative values of -1.7% for CS2744C00 to -4.1% for CS4144C00.
It can then be concluded that both HGMS act as nucleation agents in the cement
hydration reaction, and that HGMS41 characterizes by a larger effect than HGMS27.

¢ Regarding which class of HGMS is the most reactive, results were inconclusive. The
reduction in the Ca(OH)2 content and the increase in the fixed Ca(OH)s2 values
measured with TGA for slurries with HGMS at different curing times evidenced
pozzolanic activity. CS4144C00 slurry yielded, for 28 and 56 days of curing time,
values of fixed Ca(OH)s2 that were 57% and 54% higher than CS2744C00 slurry
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respectively, indicating that HGMS41 is more reactive than HGMS27. Ca(OH), con-
sumption measured in terms of the modified Chapelle test for both HGMS overcame
the standard limit of 700 Ca(OH)2 mg per SCM gram, confirming their pozzolanic
activity. However, the result obtained for HGMS27 was 23% higher than that of
HGMS41, which indicates that HGMS27 are more reactive than HGMS41. There-
fore, in the optimal conditions of the modified Chapelle test, HGMS41 presents the
higher pozzolanic potential, though, in standard cement paste conditions, HGMS27
has a higher pozzolanic activity. Considering the operating conditions in COs storage
wells, which combine high temperatures with a limited availability of Ca(OH)a, the
actual reactivity may fall between the results of these two tests

e The Ig4 proved to be inconsistent for measuring the pozzolanic activity of these hol-
low SCM, since the compressive strength of both classes of HGMS strongly depends
on their physical properties. At both 7 and 28 days of curing time, the compressive
strength of cement pastes CS2744C00 and CS4144C00 was lower than for CS0044C00,
(CS2744C00 showing the lowest values. The compressive strength of CS2744C00 was
13% and 32% lower than for CS0044C00 at 7 and 28 days of curing time, respectively.
The compressive strength of CS4144C00 was 5% and 11% lower than for CS0044C00
at 7 and 28 days of curing time, respectively. These variations are directly related to
the lower crush strength and density of HGMS27 compared to HGMS41. Intrinsic
properties of the HGMS are closely related to the overall strength of cements pastes
to which they are added. This aspect will be further discussed in Chapter 6, where
an analytical homogenisation model for estimating the elastic parameters of cement
pastes with HGMS is developed.
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Chapter 4

Microstructural insights into
cement paste supercritical
carbonation

4.1 Introduction

Throughout the CO5 injection and subsequent storage process, evaluation of the integrity
of the storage site is essential, and the cement sheath is a key component to ensure this
integrity. The cement paste is continuously exposed to high pressure and high temperature
conditions, and generally in the presence of water, before the initiation of scCO» injection.
As explained in Chapter 1, HoCOj3 is formed as a result of the reaction of COs with
water (cf. Equation 1.4.7), from which HCO3 and CO%‘ are produced upon carbonic acid
dissociation, which subsequently reacts chemically with certain cement hydration products,
including Ca(OH)2 and CSH, promoting cement paste carbonation. This chemical process
yields CaCOj3 and water for Ca(OH)s carbonation, and CaCO3 and amorphous SiO,OH,
for CSH carbonation (cf. Equations 1.4.8 to 1.4.11).

Several studies have reported a decrease in porosity and permeability during the initial
stages of supercritical carbonation due to the precipitation of CaCOs crystals [33, 42, 43].
Nevertheless, for longer exposure times there seems to be a considerable degradation of the
cement paste characterised by increased porosity [12, 43]. This degradation is attributed
to CaCOg dissolution (cf. Equation 1.4.12).

Furthermore, according to [44], Ca(OH)2 depletion leads to CSH decalcification and
increased CaCOj3 formation. CaCOg is stronger but bonds less effectively with the mi-
crostructure of the cement paste. The result is a significant reduction in porosity due
to the degradation of CSH and dissolution of Ca(OH)z, which reduces the mechanical
properties of the cement paste after carbonation.

Regarding the use of cement replacement by HGMS in scCOs injection wells, there are
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already some indications of how it may affect the performance of the cement paste [86, 87].
In Chapter 3, the effect of the incorporation of different classes of HGMS in class G cement
pastes was studied, focusing on their chemical interaction with cement hydration products.
HGMS will partially consume the Ca(OH)s of the cement matrix to form secondary CSH,
leading to a decrease in pH and facilitating the advance of the carbonation front into
the cement matrix. This has been reported for other SCM exposed only to atmospheric
carbonation [40].

In order to gain a better understanding of cement supercritical carbonation and its
relationship with the pore structure of cement pastes, the effect of w/s ratio on supercritical
carbonation is first studied. This will shed light on the relevance and implications of using
lightweight materials (HGMS) to lighten cement pastes instead of increasing the w/s ratio.

The influence of the w/s ratio on cement pastes properties is a deeply studied and well-
known subject. Increasing the amount of water in the mixture yields a higher porosity of the
hardened material [38], which in turn affects its mechanical properties and durability [39].
The increased porosity results in a higher amount of interconnected porosity, which is
positively correlated with permeability [$8]. Hence, a higher w/s ratio results in a more
permeable material.

In both fresh and hardened states, admixtures are also found to have a significant effect
on the properties of cement pastes. While Chapter 3 dealt with the chemical aspects of
these interactions, the influence of HGMS on the microstructural properties of hardened
cement pastes, in particular pore structure and porosity, remains to be investigated and is
therefore one of the main objectives of this chapter.

Finally, by understanding the differences in pore structure induced by varying w/s ratios
and including HGMS in cement pastes, this chapter aims to characterise the behaviour
of cement pastes with two different w/s ratios and two different classes of HGMS under
scCOg injection well conditions. For this purpose, the results obtained from MIP, and SEM
images are presented and thoroughly discussed. The carbonation mechanisms leading to
alterations in pore structure are investigated at different w/s ratios in Section 4.2, and
considering the influence of HGMS as cement replacement in Section 4.3.

4.2 Influence of the water to solid ratio

This section discusses the differences in carbonation mechanisms of class G cement paste
under scCOy injection well conditions as the w/s ratio changes.

This is done by first studying the microstructural variations, focusing on the pore struc-
ture, exhibited by class G cement pastes when the w/s ratio is varied. To this end, porosity
and pore size distribution are measured using MIP tests. These results, accompanied by
SEM images and based on the discussions from Chapter 3, help to understand the changes
in microstructure undergone by class G cement pastes when w/s ratio changes are made.

The section then continues with an examination of the effects of these changes on the
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carbonation mechanisms of class G cement paste exposed to scCO3. The aim is to under-
stand the rate of carbonation progression and the possible differences and/or similarities
observed in the pore structure by MIP and in the microstructure by considering SEM and
pH indicator results.

4.2.1 Effect on cement paste microstructure

Let us begin with the intrinsic differences in the porosity and pore structure that can be
found between cement pastes with varying w/s ratios. The porosity obtained by MIP
for these cement pastes is 28.5% and 39.8% for CS0044C00 and CS0060C00, respectively.
This is a known phenomenon in the cement industry [90]. Leaving aside the effect of other
variables, any increase in the amount of water used to produce the cement slurry will
necessarily lead to an increase in the porosity of the resulting cement paste. This result
is important in view of the porosity/permeability relationship and the durability of the
cement paste, as mentioned in the introduction of this chapter.

Another important parameter for further understanding the influence of the w/s ratio
on the carbonation mechanisms of class G cement paste is the pore structure. Figure 4.2.1
shows MIP test results for cement pastes prepared with the two considered w/s ratios,
namely, 0.44 and 0.60. The figure shows two distinct pore entry size distributions for the
two w/s ratios. For CS0044C00, a clear peak can be found around 3 x 10~2 pm while for
CS0060C00, the peak is not as clearly defined, and a wider pore entry size distribution is
observed, with larger pores between 1.5 x 1072 pm and 6.5 x 10~2 m being detected.
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Figure 4.2.1: Pore entry size distribution of non-carbonated plain cement pastes
The durability of cement pastes, especially under carbonation, is closely related to their

permeability and transport properties, both of which depend on the pore structure [91,
92, 93]. The porosity influences the diffusion of CO2 [94], which is the primary focus of
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this study, as well as ions diffusing in water that can also contribute to degradation [95].
The diffusion of CO» is particularly critical in carbonation processes, where it reacts with
the cement matrix, altering the pore structure and long-term performance. Hence, given
the differing pore entry size distributions for cement pastes with two distinct w/s ratios,
variations in their resistance to carbonation are expected.

The results shown in Figure 4.2.1 align with the findings of Chen and Wu [96], which
demonstrate that the threshold pore diameter — the point at which rapid mercury intru-
sion begins — increases with increasing w/s ratios. This threshold indicates the transition
between low and high intrusion rates, suggesting a significant change in pore connectivity
or size distribution that influences permeability. Higher w/s ratios result in larger pores,
due to the greater initial spacing between cement particles. This leads to larger threshold
diameters in high w/s ratios systems compared to those with lower w/s ratios.

The observed changes can also be analysed through SEM images of CS0044C00 and
CS0060C00, as shown in Figure 4.2.2, where different w/s ratios correspond to significantly
different CSH morphologies. The cement paste with a higher w/s ratio not only displays a
fibrous and less dense CSH morphology but also reveals large fibres that may be ettringite
embedded within the CSH matrix, as noted by Zhang et al. [97]. Conversely, the cement
paste with a lower w/s ratio exhibits denser structures, as highlighted in Figure 4.2.2a,
which aligns with the findings of Jennings et al. [98].

A lower w/s ratio induces densification of the hydration products, leading to a more
compact CSH structure. In contrast, a higher w/s ratio provides more space, allowing
for greater expansion of the hydration products. Previous studies have reported that
CSH growing in cement pastes with higher w/s ratios tends to exhibit elongated shapes,
with this elongation increasing as the w/s ratio does [99]. This expansion and elongation
are consistent with the observed less dense and fibrous morphology in pastes with higher
w /s ratios.
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Figure 4.2.2: Scanning electron microscopy images comparing cement pastes with varying
w/s ratios. Highlighted areas indicate regions demonstrating the shift in CSH morphology,
corresponding to the different w/s ratios utilized in each cement paste. The images also
reveal the presence of large fibres, potentially ettringite, embedded within the CSH matrix,
particularly in pastes with higher w/s ratios.

4.2.2 Effect on cement carbonation

After having discussed the effects of w/s ratio on the porosity and pore structure of class G
cement pastes, the focus will now shift to the evaluation of how these differences affect the
carbonation of the cement pastes. Table 4.2.1 presents the porosity results obtained before
and after carbonation for 60 days, for plain cement pastes with two different w/s ratios,
as well as the results for carbonated samples with a w/s ratio of 0.44 after 120 days
of carbonation. The table also highlights the porosity differences between internal and
external parts of the carbonated specimens, reflecting the varying exposure levels to COs.
It is expected that the external parts, due to their greater exposure, will undergo more
severe carbonation compared to the internal parts, affecting the extent of carbonation and
the resulting porosity changes.
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Table 4.2.1: MIP porosity results before and after carbonation of 60 on plain cement pastes
with two w/s ratios, including results for carbonated samples with a w/s ratio of 0.44 after
120 days of carbonation

Specimen MIP f;/(z]r osity
CS0044C00 28.5
CS0044C60INT 35.9
CS0044C60EXT 31.7
CS0044C120INT 32.5
CS0044C120EXT 20.3
CS0060C00 39.8
CS0060C60INT 40.4
CS0060C60EXT 29.0

From these results, a first attempt on understanding the carbonation of cement pastes
with different w/s ratios can be established. In the paste with a w/s ratio of 0.44, an
increase in the porosity obtained by MIP is observed in the internal part of the speci-
mens carbonated for 60 days (CS0044C60INT and CS0060C60INT) compared to the non-
carbonated specimens (CS0044C00 and CS0060C00). In the paste with a w/s ratio of
0.60, the slightly larger porosity measured in CSO060C60INT might not be significant. As
for the porosities of CS0044C60EXT and CS0060C60EXT samples, they are lower than
those of CS0044C60INT and CSO0060C60INT, respectively. The behaviour of the pastes
with a w/s ratio of 0.44 carbonated for 120 days is similar to that of the pastes with a
w /s ratio of 0.60 carbonated for 60 days, where the internal part (CS0044C120INT) shows
a slight increase in porosity, while the external part (CS0044C120EXT) shows a decrease
in porosity.

The volumetric consequences of carbonation in terms of porosity can be understood
through the interplay between dissolution and precipitation processes that occur during
carbonation. Initially, the dissolution of COg2 in water (cf. Equation 1.4.7) allows for
the diffusion of ions, such as HCO3  and CO3?, into the cement matrix. These ions
react with cement hydration products, such as Ca(OH)s and CSH, as shown in Equa-
tions 1.4.8 to 1.4.11, leading to their dissolution. This dissolution results in a localized
increase in porosity [141], as observed in the internal zones of carbonated specimens, par-
ticularly in CS0044C60INT, where the increase in porosity compared to CS0044C00 is
significant.

As carbonation progresses, the dissolved calcium and carbonate ions precipitate as
CaCOg, initially filling some of the created porosity. In systems with sufficient Ca(OH)s
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and lower initial porosity, this precipitation may eventually lead to a reduction in overall
porosity, as observed in samples CS0044C60EXT and CS0060C60EXT. This porosity de-
crease impacts the transport of species [100], as reduced porosity slows down the diffusion
of HCO3  and CO3%", thereby limiting further carbonation and transport phenomena.
This is consistent with the observed differences in porosity between CS0044C60INT and
CS0044C60EXT.

Hence, CS0044C60INT appears to be characterized by the effect of dissolution of cement
hydration products due to the large increase in porosity observed compared to CS0044C00.
However, the precipitation of CaCOgs seems to be dominant in CS0044C60EXT, indicating
a further extent of cement carbonation.

Regarding the cement paste with w/s ratio of 0.60 carbonated for 60 days, the dom-
inance of dissolution or precipitation is not clear in CSO060C60INT. The porosity in
CS0060C60INT is roughly the same as in CS0060C00, which could indicate that both
dissolution of cement hydration products and precipitation of CaCOj3 are taking place.
This suggests that carbonation advances more rapidly in this cement paste due to its high
porosity, which increases species transport. CS0060C60EXT presents a lower porosity than
both CS0060C00 and CSO060C60INT, indicating a predominance of CaCQOgs precipitation.

The behaviour of the paste with a w/s ratio of 0.44 carbonated for 120 days
(CS0044C120INT and CS0044C120EXT) is similar to that of the paste with a w/s ratio of
0.60 carbonated for 60 days (CSO060C60INT and CS0060C60EXT). The slight difference
in porosity between CS0044C120INT and CS0044C00, as well as between CS0060C60INT
and CS0060C00, is attributed to the more advanced carbonation. In the former case, this is
due to longer exposure (120 days), while in the latter, it results from higher porosity, which
enhances transport properties and accelerates carbonation. CS0044C120EXT exhibits a
similar trend to CSO0060C60EXT, with lower porosity compared to both CS0044C00 and
CS0044C120INT, reinforcing the notion of CaCOs3 precipitation predominance in the ex-
ternal part of the specimen.

These results are consistent with those reported by Barria et al. [14] for the external
parts of the specimens, where precipitation of CaCOg crystals clearly dominates. However,
the results for the internal parts do not align with their observations. Barria et al. note that
the internal sections of specimens carbonated for 60 days show a reduction in porosity due
to the dissolution of cement hydration products and the precipitation of CaCOg crystals.
In contrast, the findings for the internal parts in this study differ, which may be attributed
to differing criteria used to define the ’internal part’ in each study.

To understand the differences in behaviour between CS0044C60INT and CS0060C60INT
with respect to CS0044C00 and CS0060C00, respectively, it is interesting to note that car-
bonation reaction advances more rapidly in the paste with a w/s ratio of 0.60 than with
a w/s ratio of 0.44 [44, 45, 101, 102]. This can be seen in Figure 4.2.3, which shows the
cross-section of cylindrical cement specimens before and after carbonation.

The specimens were treated with phenolphthalein, a pH indicator that changes colour
based on the alkalinity of the material. The purple colour appears when the pH is above
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approximately 9.0, indicating the presence of Ca(OH)y in the cement paste. Below this
pH threshold, carbonation has likely occurred, resulting in the dissolution of the Ca(OH)s
and the loss of the purple colour due to the lower alkalinity. In paste CS0044C60, a subtle
border lacking the characteristic purple colour was observed, suggesting that a minimal car-
bonation front with a lower pH was present in this sample. In contrast, paste CS0060C60
has a more pronounced border with low pH (not purple). This higher carbonation advance
could explain why the porosities in CS0060C00 and CS0060C60INT are nearly the same.
As mentioned earlier in this section, CSO0060C60INT represents a condition where neither
the dissolution nor the precipitation predominates. Instead, both processes are occurring si-
multaneously, resulting in similar porosity values between CS0060C00 and CSO0060C60INT.
This indicates that, only for these very particular specimen and carbonation conditions,
the porosity remains almost unchanged due to the balance between dissolution and precip-
itation processes.

(a) CS0044C00 (b) CS0044C60

(c) CS0060C00 (d) CS0060C60

Figure 4.2.3: Cross-section of cement specimens with different w/s ratios before and after
exposure to scCO9 for 60 days treated with a pH indicator

Figure 4.2.4 shows the pore entry size distribution as obtained from the MIP tests on
non-carbonated (CS0044C00 and CS0060C00) and carbonated for 60 days cement pastes.
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For the specimens carbonated for 60 days, two samples were tested, one from the internal
part of the specimens (CS0044C60INT and CS0060C60INT) and one from the external
part of the specimens (CS0044C60EXT and CS0060C60EXT).
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Figure 4.2.4: Pore entry size distribution of plain cement pastes, non-carbonated and after
60 days of carbonation

Comparing the non-carbonated samples with the external parts of the carbonated spec-
imens, it is evident that there is a transition in the effects of carbonation. The transition
goes from the least affected (non-carbonated), through the moderately affected (internal),
to the most affected (external). As expected, the external parts of the specimens car-
bonated for 60 days, which are closest to the surface exposed to CO9, show the most
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pronounced changes. In these external parts of the carbonated specimens, the peak in
the pore size distribution, whether initially clearly defined or wider, has disappeared. The
internal parts represent an intermediate case where the disappearance of the peak starts.
For example, as shown in Figure 4.2.4a for the cement paste with a w/s ratio of 0.44,
the peak in CS0044C00 shifts towards smaller pore entry sizes. A similar trend is seen in
Figure 4.2.4b, although it is more difficult to distinguish due to the less pronounced peak.

In both cases, the peak, whether it was originally clearly defined or wider, disappeared.
The pore entry size distribution for the most carbonated part of both specimens results
in a wide distribution between 6 x 1073 pum and 6.5 x 1072 pm. The disappearance of
the peak could be related to the phenomenon shown in the research of Kuthcko [33] and
confirmed in the research of Barria et al. [14] which shows that during Ca(OH)2 and CSH
carbonation, the resulting CaCOs crystals precipitate in the larger pores, resulting in a
reduction of the frequency of the largest pore sizes in the pore entry size distribution.

This aligns with the earlier discussion regarding the porosity in the external part of
the cement paste specimens carbonated for 60 days. These external regions exhibited a
reduction in porosity compared to the internal part, likely due to the predominance of
CaCOg precipitation, which fills the larger pores and decreases overall porosity

For CS0044C60EXT, a slight increase in the pore entry size distribution in the range of
6x 1073 um to 1.5 x 1072 pm pore entry size diameter can be observed. This increase likely
reflects further changes in the pore structure compared to CS0044C60INT, due to the more
extensive exposure of CS0044C60EXT to COs. This exposure induces the precipitation of
CaCOgs crystals in the cement matrix pores, which may generate internal pressure and lead
to cracks generation, as previously discussed in [103, 104]. However, this concept does not
seem applicable to these samples.

Instead, the changes observed can be more straightforwardly explained by the chemical
processes of dissolution of hydration products and the precipitation of CaCQOj3, combined
with the effects on transport properties. As carbonation progresses, these processes modify
the pore structure without necessarily leading to cracks generation.

There exists differences between the non-carbonated and internal parts of the specimens
carbonated for 60 days, but they are smaller than those observed in the external parts,
as expected from the diffusive nature of carbonation [105, 106]. Both CS0044C60INT and
CS0060C60INT show a shift in their peaks toward smaller pore entry sizes, particularly in
CS0044C60INT, where an increase in pores smaller than 2 x 10~2 pm is observed. This can
be attributed to the dissolution of Ca(OH)s and CSH and the subsequent precipitation of
CaCOs.

The behaviour observed for specimens with a w/s ratio of 0.44 exposed to 60 days of
carbonation can be confirmed by the pore entry size distributions obtained for specimens
with the same w/s ratio exposed 120 days to carbonation, as shown in Figure 4.2.5. It
can be appreciated that almost no change in the behaviour of the carbonated specimens
occur when increasing the exposure time from 60 days to 120 days. For the results on the
internal part of the specimen shown in Figure 4.2.5a, a slight decrease of the whole pore
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entry size distribution can be noticed, while there also exists a slight offset of the main
peak around 2.5 x 1072 pm (slighter than that between CS0044C00 and CS0044C60INT
- Figure 4.2.4a). For the external part, a decrease in the pore entry size distribution is
appreciated when transitioning from 60 to 120 days of carbonation for pore entry sizes
smaller than 1 x 1072 pm.
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Figure 4.2.5: Pore entry size distribution of CS0044C00 after 60 and 120 days of carbona-

tion

Figure 4.2.6 shows SEM images obtained from samples CS0044C60INT and
CS0060C60INT. Comparing these images with those obtained for the corresponding non-
carbonated samples in Figure 4.2.2, it is noticeable that exposure to scCO, results in a
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much more disaggregated material. Furthermore, regardless of the w/s ratio, the relatively
amorphous and compact structure of the cement paste is lost. CaCOs crystals can be
seen in both images in Figure 4.2.6, although they are much more distinguishable in the
CS0060C60INT sample.

(a) /s: 0.44 (b) w/s: 0.60

Figure 4.2.6: Scanning electron microscopy images of internal part of plain cement pastes
after high pressure and high temperature carbonation for 60 days with highlighted CaCOg
crystals

The precipitation of CaCOj3 crystals is clearly distinguishable in Figure 4.2.7a, which
shows a SEM image of the external part of a specimen of cement paste CS0044C120. The
identification of these crystals as CaCOs is based on similarities with previously reported
crystal forms of vaterite, aragonite, and calcite [107, 108]. According to the work of Chang
et al. [107], spherical shapes correspond to vaterite, cubic shapes to calcite, and elongated
or 'rosette’ shapes to aragonite. Additionally, needle-like structures can also be attributed
to aragonite.

Furthermore, the cement paste shows a less defined matrix, with more visible loose
particles compared to the corresponding non-carbonated cement specimens, suggesting a
reduction in the presence of the continuous cement matrix. It is worth noting that this
image exhibits a lower number of visible pores compared to Figure 4.2.2a, at the scale
at which the images were captured. This may be related to the precipitation of CaCOg
crystals within the pore space of the cement paste. The precipitation of these crystals in
cement pastes with limited porosity will lead to pore filling.

Microstructural alterations are evident in Figure 4.2.7b, which shows the external part

CHAPTER 4. MICROSTRUCTURAL INSIGHTS INTO CEMENT PASTE SUPERCRITICAL 74
CARBONATION



of cement paste CS0060C60. However, the CaCOs3 crystals are not easily distinguishable,
and detecting changes in porosity through SEM images alone remains challenging.

(a) CS0044C120EXT (b) CS0060C60EXT

Figure 4.2.7: Scanning electron microscopy images of external part of plain cement pastes
with two w/s ratios after carbonation, showing CaCOg precipitation

Given the results and discussions within this section, it is clear that the w/s ratio
plays a crucial role in influencing the pore structure and durability of cement pastes. This
highlights the importance of this parameter in understanding the material’s long-term
performance. Variations in the w/s ratio have a significant effect on the pore structure and
therefore permeability. This, in turn, influences the carbonation mechanisms, primarily
affecting the carbonation kinetics. For larger w/s ratios, enhanced carbonation kinetics
can be attributed to increased porosity and permeability, which enhance the diffusion of
COg3 through the cement paste. This is consistent with the known correlation between
diffusive properties and permeability, which influence the rate of carbonation, as further
detailed in the works of Ghabezloo and Sulem [109] and Thiery et al. [110]. This supports
the idea of a relationship between permeability and porosity and highlights the complex
interplay of factors influencing the performance of class G cement pastes under scCOs9
injection well conditions.
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4.3 Influence of HGMS

4.3.1 Effect on cement paste microstructure

In this section, the influence of HGMS on class G cement pastes for scCOq injection wells
is analysed. As done in Section 4.2, the study initially focuses on the intrinsic differences
in the microstructure due to the use of HGMS.

In this regard, Figure 4.3.1a shows the MIP results for CS0044C00, CS2744C00 and
(CS4144C00 specimens, showing mainly two important changes in the pore entry size dis-
tribution.

A first change is observed for pore entry sizes larger than 2 x 1072 pm: cement pastes
with HGMS present smaller entry pore sizes than CS0044C00. As discussed in Chapter 3,
this effect on the cement matrix microstructure due to the cement replacement by HGMS
is related to HGMS’ pozzolanic activity and filler effect. A decrease in the porosity and a
shift in the pore entry size distribution to smaller diameters is the expected behaviour for
cement pastes modified with traditional pozzolanic and/or filler materials.

This phenomenon is confirmed in Figure 4.3.2 for cement pastes CS2744C00 and
(CS4144C00. This figure depicts a reduction in the pore volume of the cement matrix
compared to the SEM image presented in Figure 4.2.2a.

Furthermore, the location of the main peak obtained for each cement paste is also re-
lated to this first change. For CS0044C00, the main peak is around 3 x 1072 m, whereas
for CS2744C00 and CS4144C00 it is around 1 x 10~2 pm. This indicates that the densifi-
cation of the cement matrix due to the presence of both classes of HGMS (cf. Chapter 3)
resulted in a similar shift of the pore size distribution for both cement pastes, in spite of
their different properties.

At first sight, the aforementioned shift in the position of the main peak suggests that the
most characteristic pore size of HGMS cement pastes is smaller than that of CS0044C00.
However, this observation leads to what is referred to in this work as the second change in
pore structure due to the use of HGMS. The second change corresponds to the difference in
magnitude of the peak of those pore entry size distributions. In this regard, there are some
comments that are worth mentioning related to the SEM images shown in Figure 4.3.2.
This figure shows that the HGMS form a porous space within themselves. This is relevant
because, even after the partial consumption of SiOy due to the pozzolanic reaction, the
outer layer of HGMS remains recognizable. Therefore, this isolated porous space within
the HGMS is not interconnected with the porosity of the cement matrix. This forms a
occluded porosity that should not be measurable by the MIP technique.

From the above discussion, it can be argued that the increase in compactness of the
cement matrix isolated the HGMS from the mercury, making it difficult for this fluid to
find its way to reach them. In terms of pressure, this means that a higher pressure will be
needed to let the mercury advance through the dense pore structure of the cement paste
lightened with HGMS until the first contact between mercury and HGMS occurs.
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Figure 4.3.1: Pore entry size distribution of cement pastes with and without cement re-
placement by HGMS, for two w/s ratios
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Figure 4.3.2: SEM images of cement pastes with a w/s ratio of 0.44 and partial cement
replacement by HGMS

Figure 4.3.1a shows that the peaks for CS2744C00 and CS4144C00 both start at an
entry pore size diameter of approximately 4 x 1072 pm. According to Equation 2.3.3, this
size corresponds to a mercury pressure of around 35 MPa. According to the manufacturer,
both classes of HGMS present a crushing strength that is within the range of pressures
achieved during mercury intrusion. Crushing strength is a common term used in the prop-
pants industry that refers to the ability to withstand high pressures without breaking down
or fracturing during hydraulic fracturing operations [111]. According to the manufacturer,
HGMS27 present a strength of 27 MPa with a minimum fractional survival of 80%, while
HGMS41 yield a higher strength of 41 MPa with the same minimum fractional survival.
Moreover, given the pozzolanic activity that HGMS were shown to present (cf. Chapter 3),
one should expect a decrease in the thickness of their shell, resulting in a decrease in their
strength.

Taking all of this into account, it can be argued that once the mercury comes into
contact with HGMS, a pressure of 35 MPa is likely sufficient to break down the HGMS
and enter the porosity they contained. As a result, an increase in incremental porosity cor-
responding to the vicinity of this pore entry size is expected, which is effectively observed.
This hypothesis will be further developed and quantified later in this subsection, where a
comparison between the porosity increment and the volume of HGMS in each cement paste
will be presented to account for the effect of their rupture on the MIP results.

Similar results of pore entry size distributions were obtained by Hanif et al. [112] and
Kabay et al. [113]. These authors show the refinement in the cement matrix pore structure,
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followed by the rupture of the HGMS. Krakowiak et al. [114] also present results of MIP
tests on cement pastes modified with HGMS. Their work states that at a pressure corre-
sponding to the HGMS crushing strength, the mercury intrudes into the occluded porosity.
It is argued that this could only be possible due to the rupture of the HGMS when its
isostatic strength is reached during the mercury intrusion.

(a) CS2760C00 (b) CS4160C00

Figure 4.3.3: SEM images of cement pastes with a w/s ratio of 0.60 and partial cement
replacement by HGMS

Let us now consider the effect of the w/s ratio coupled with the presence of HGMS
of different classes. The differences in the results from Figures 4.3.1a and 4.3.1b can be
analysed with this objective in mind. Recalling the discussion in Section 4.2, the peak
in the pore entry size distribution of CS0060C00 is wider and less defined than the peak
for CS0044C00. Also, the peak for CS0060C00 begins at around 7 x 10~2 pm, while for
CS0044C00 it does at 3 x 1072 pm.

In Figure 4.3.1, the coupled effect of the w/s ratio and the presence of HGMS can be
appreciated. The increase in compactness on the cement matrix’s pore structure due to
the presence of HGMS exists regardless of the w/s ratio. As it happens in specimens with
w /s ratios of 0.44, the pore size at which the peak starts in CS2760C00 and CS4160C00
is slightly shifted to smaller diameters when compared to CS0060C00. The reason is
attributed to the increase in the compactness [2, 115] due to the presence of HGMS and
is also shown in Figure 4.3.3. When comparing these figures with Figure 4.2.2b, a clear
change in the microstructure of the cement paste is appreciated due to the presence of the
HGMS. The microstructure of paste CS0060C00 shows higher porosity compared to pastes
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CS2760C00 and CS4160C00. In pastes with HGMS and a w/s ratio of 0.60, the material
becomes so compact that the expected increase in porosity due to the high w/s ratio is
barely noticeable.

For both CS2760C00 and CS4160C00 the peaks begin at 5 x 1072 pm of pore entry
size which, according to Equation 2.3.3 corresponds approximately to a mercury pressure
of 27 MPa. According to Krakowiak et al. [114], and confirmed by the results of Hanif
et al. [112], and Kabay et al. [113], HGMS break during MIP tests once their strength is
achieved. This observation is consistent with the appearance of peaks in the pore entry
size distribution for cement pastes CS2760C00 and CS4160C00. The pressure of 27 MPa
achieved likely exceeds the rupture strength of HGMS. The standalone MIP tests on HGMS
powder detailed in Appendix A reveal rupture pressures of 15.9 MPa for HGMS27 and
34.4 MPa for HGMS41. Additionally, HGMS’ pozzolanic activity (cf. Chapter 3) may
weaken the borosilicate glass forming the outer shell of the HGMS. This weakening may
reduce HGMS’ strength, making it plausible that both, HGMS27 and HGMS41, break at
around 27 MPa, which aligns with the observed peak in the pore entry size distributions.

Table 4.3.1: MIP porosity results on plain cement pastes and HGMS cement pastes with
two w/s ratios

Paste MIP [;(;Z]rosity
CS0044C00 28.5
CS2744C00 49.3
(CS4144C00 42.1
CS0060C00 39.8
CS2760C00 62.6
(CS4160C00 56.7

After discussing the impact of HGMS on the pore structure of the cement matrix at
two w/s ratios, it is relevant to consider the effective porosity of the composite material.
Preliminary results of porosity as obtained from the MIP tests are shown in Table 4.3.1.

It is expected that the porosity of the cement matrix would decrease both in quantity
and pore size due to the presence of the filler/pozzolanic admixture. However, the pre-
liminary porosity results indicate an increase in porosity of around 50% for cement pastes
containing HGMS compared to cement pastes without HGMS.

These results can be explained by the rupture of the HGMS during the MIP test.
Mercury intrudes into the voids within the HGMS once their crushing strength is reached.
Therefore, the peaks observed in the cement pastes with HGMS are not only indicative of
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the actual interconnected porosity of the cement matrix, but also (and possibly mainly)
reflect the volume of broken HGMS particles.

Looking at the effect of HGMS on the pore structure and porosity of the cement matrix,
it is clear that a thorough understanding of the true role of HGMS is essential. Porosity
measurements of class G cement pastes containing HGMS will be affected if HGMS break.
It is thus imperative to develop a method for the quantification of the interconnected
porosity in these cement pastes that is independent of this particular effect.

One possible approach to determine the actual porosity of the cement matrix involves
considering the effect of so-called ink-bottle pores. As a reminder, the MIP mainly consists
of measuring the volume of mercury intruded to reach a given pressure. Also, given that
each pressure is related not to an actual pore size but to an entry pore size according
to Equation 2.3.3, the test provides a pore entry size distribution. This differs from the
actual pore size distribution, as some pores may have entry diameters smaller than their
actual diameters, as illustrated in Figure 4.3.4. The presence of larger pores inaccessible
to mercury except through smaller ones leads to an overestimation of small pores and an
underestimation of larger ones [72].

Many authors commonly link the differences between intrusion and extrusion curves
in cementitious materials to the presence of ink-bottle pores [72]. However, the extrusion
process is more complex, involving additional factors such as pore size interconnectivity
and heterogeneities that complicate the ability of mercury to exit the pores [110].

During MIP tests, the HGMS present in the cement pastes appear to break, as their
strength is exceeded. Therefore, a significant size difference between the large pores left
behind by the broken HGMS and the smaller pores of the cement matrix results. This is
supported by the HGMS’ granulometry (Figure 2.1.2), the pore entry size distributions,
SEM images of the cement pastes, and the increased compactness of the cement matrix
with HGMS due to their filler effect and pozzolanic activity. Hence, the disparity in pore
sizes may lead to the retention of mercury during the extrusion process, similar to what
has been observed in the study of Wardlaw and McKellar [116].

The collapse of the thin outer shell of the HGMS during MIP tests would not signifi-
cantly affect the size of the pore left behind when they break. Hence, the void space remains
almost the same size as the HGMS. According to Equation 2.3.3, based on the HGMS’ D50
(30 pm for HGMS27 and 40 pm for HGMS41), the pressure required to extrude mercury
from within these pores is less than 0.05 MPa. However, the MIP machine used has a
minimum extrusion pressure of 0.5 MPa, meaning it cannot fully extrude mercury from
the interior of the HGMS. This explains the incomplete extrusion observed in the results.

For specimens containing HGMS, as shown in Figure 4.3.5, a significant gap between
intrusion and extrusion curves is observed. This indicates that a considerable amount of
mercury intruded during the intrusion phase does not withdraw during the extrusion phase.
This phenomenon is likely due to the rupture of HGMS, which creates large voids in the
cement matrix. While this phenomenon is more pronounced in cement pastes with HGMS,
it is also observed to a lesser extent in plain cement pastes in Figure 4.3.6.
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Figure 4.3.4: Cylindrical shaped pores (left) vs ink-bottle pores (right)

It is possible to consider the ink-bottle pores as those pores exclusively related to
broken HGMS within the cement matrix [72]. By subtracting the volume of these ink-
bottle pores measured as the volume shown in Figure 4.3.5 from the total porosity, the
actual interconnected porosity of the cement matrix could possibly be obtained. However,
it should be noticed that CS0044C00 and CS0060C00 also present some amount of ink-
bottle pores related to the non-cylindrical shaped pores of the cement matrix [72, 117],
which can be appreciated in Figure 4.3.6. Moreover, it was already argued that HGMS
affect the microstructure of the cement matrix because of their filler effect, the pozzolanic
reactions they induce, and the consequent influence in compactness. These changes likely
reduce the total volume of larger pores. As a result, the proportion and distribution of
ink-bottle pores in cement pastes with HGMS could differ significantly compared to pastes
without HGMS. This change in pore structure may be similar to observations made with
ground granulated blast furnace slag (BFG), as shown by Zhang et al. [117].

The study of Zhang et al. [117] reveals that BFG induces an augmentation in the volume
of ink-bottle pores for short curing times, which goes up to 4%. This phenomenon is linked
to the ongoing formation of hydration products, which reduces the connectivity of pores in
certain areas. As a result, the decrease in local porosity can lead to the formation of new
ink-bottle pores, increasing their overall volume. Nevertheless, the ink-bottle cumulative
porosity of BFG cement pastes tends to a value similar to that presented by plain cement
pastes, as the curing time increases. Particularly, for 100 days of curing time, the difference
between plain and modified with BFG cement pastes results lower than 2%, making it
almost negligible.
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Figure 4.3.5: Intrusion and extrusion stages for cement pastes with HGMS
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Figure 4.3.6: Intrusion and extrusion stages for CS0044C00 and CS0060C00

Zhang et al. [117] showed that the difference in ink-bottle pores between cement pastes
with and without BFG is minimal. Hence, assuming that HGMS behave similarly, a simple
approach to correct the porosity can be applied. This involves subtracting the volume of
ink-bottle pores from the total porosity of each specimen. The corrected porosity is then
obtained using Equation 4.3.1, where ¢ps7p corresponds to the porosity obtained directly
from the MIP tests, and ¢r,xBotticPores represents the ink-bottle pores calculated as the
difference between the extrusion and intrusion curves at the lowest pressure during the
extrusion stage.

(bC’orrectedPorosity - (bMIP - ¢InkBottlePores (431)

This method may slightly overestimate the actual interconnected porosity of specimens
with HGMS because it does not account for potential differences in ink-bottle porosity
between cement pastes. By subtracting the total ink-bottle porosity, the correction assumes
that all ink-bottle pores are caused by the HGMS. However, if the cement matrix in the
HGMS paste has a significantly higher volume of ink-bottle pores than the plain cement
paste, this approach would incorrectly attribute the excess ink-bottle porosity to the HGMS
alone, leading to an inaccurate correction. Nevertheless, this result is useful for the sake
of comparing the interconnected porosity in the specimens with and without HGMS.

Another possible method to obtain a corrected porosity of specimens with partial ce-
ment replacement with HGMS without making the previous assumption consist of sub-
tracting some amount of pore volume, which should be related to the volume of HGMS
added to the specimen. Since the dosages (Table 2.2.1) and the HGMS density are defined,
it is possible to know the volume fraction of HGMS, fmaars, used in each cement paste.
Moreover, it is also possible to obtain the volume fraction of each phase from which HGMS
are composed, meaning outer layer of borosilicate glass and inner void space. For this
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calculation, it is assumed that the shell thickness of HGMS is not severely affected by the
pozzolanic reactions.

The volume fraction of HGMS shell, fspen, and that of HGMS inner void space, fyoid, can
be evaluated by knowing the HGMS internal and external radii as shown in Equation 4.3.2.

1 1

fvoid = (m)ngGMS i Jshen = [1 - (742)3] fucus (4.3.2)

where r; and 79 are the inner and outer radii of HGMS, respectively, from which ro could
be deduced from the D50 of the HGMS and r; can thus be obtained from the density of
the HGMS (pacmszr = 0.28 g/cm?® and ppamsar = 0.46 g/cm?) and the density of the
borosilicate glass (pglass = 2.23 g/cm?) as expressed in Equation 4.3.3.

1/3
PHGMS] (4.33)

TN =T2 1-—
Pglass

For each cement specimen with HGMS, the volume fraction fyiq can be subtracted from
the MIP porosity to obtain a corrected porosity, assuming that this internal void volume
corresponds entirely to the non-interconnected porosity of the cement paste with HGMS.
Though this is a more straightforward method for obtaining the actual interconnected
porosity of the cement matrix of specimens with HGMS, it shall be noticed that there are
also some simplifications considered in this method. To begin with, it is assumed that the
pozzolanic reaction was not enough to severely affect the size and shape of the HGMS so
that both Equations 4.3.2 and 4.3.3 are valid. Also, if the total volume fraction fyuiq is to
be subtracted from the MIP porosity results, it means both that the mercury was able to
reach every HGMS within the cement matrix and that all of them resulted broken after
this. Though it is not possible to know if the mercury actually got in contact with every
HGMS, it is indeed possible to estimate the HGMS fraction that will reach its strength
and break.

To address this issue, a method must be developed to estimate the proportion of HGMS
that will reach their maximum strength and break under mercury pressure. In this regard,
the research of Loubrieu et al. [118] investigates the strength of HGMS under hydrostatic
loading. With a fluid, they applied hydrostatic pressure and measured the mechanical
response of the admixture. For pressures up to 0.7 MPa, a linear response was observed,
attributed to the elastic strain of the HGMS used in that research. For higher hydrostatic
pressure, the rate of volume loss increased significantly, indicating the collapse of the HGMS
induced by mechanical loading.

Therefore, a similar test using the MIP equipment was carried out on specimens con-
taining only HGMS (in powder state). The detailed results and discussions of these tests
are presented in Appendix A. The results indicate that HGMS rupture begins at fluid
pressures of 6.51 MPa for HGMS27 and 17.77 MPa for HGMS41. Also, the main rupture
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of HGMS occurs at 15.9 MPa for HGMS27 and 34.4 MPa for HGMS41. Both values sup-
port the previous discussions on HGMS rupture during MIP tests in cement specimens.
The peak in the pore entry size distribution starts around 35 MPa for CS2744C00 and
(CS4144C00 (Figure 4.3.1a), and around 27 MPa for CS2760C00 and CS4160C00 (Fig-
ure 4.3.1b, both exceeding the initial rupture pressure of the HGMS from MIP tests on
HGMS27 and HGMS41 samples.

In addition, it is confirmed in the Appendix A that not all HGMS break during the MIP
test on HGMS alone, even at 230 MPa (the maximum pressure reached in all tests). This
implies that the occluded pore volume fraction provided to the cement paste by HGMS,
fvoid, may not be fully accessible to mercury. To address this, a ratio between the volume
intruded during MIP tests on each class of HGMS and the expected volume was calculated.
This yielded 0.879 and 0.967 for HGMS27 and HGMS41, respectively.

The partial rupture of HGMS during MIP tests leads to an overestimation of the in-
terconnected porosity. This experimental artifact results in the measurement of additional
porosity due to the broken HGMS. Therefore, it is crucial to adjust the measured porosity
to account for the volume that is attributable to the rupture of the HGMS. By doing so, a
more accurate representation of the actual interconnected porosity in cement pastes with
HGMS can be achieved.

Assuming that the mercury reached all the HGMS present in the cement pastes, it
can be estimated that 87.9% of the total volume fraction fyoiq for HGMS27 and 96.7% of
the total volume fraction fyoiq for HGMS41 could be subtracted from the MIP porosity
measured for CS2744C00, CS2760C00, CS4144C00 and CS4160C00. The purpose of this
adjustment is to obtain their true porosity.

The porosity results for non-carbonated cement specimens are presented in Table 4.3.2,
including data from raw MIP measurements, ink-bottle pores correction, and HGMS vol-
ume fraction correction. These results allow for a comparison of the two distinct approaches
used to address the impact of HGMS rupture and ink-bottle pores on porosity measure-
ments. To begin with, it can be appreciated that the porosity obtained from the correction
related to the volume fraction fyqq called '"HGMS’s void volume fraction correction’ yields
negative porosity results for the cement pastes with HGMS. These results do not have any
physical sense on their own, but considering the calculus made to obtain it, it could be
argued that the calculated volume fraction of inner void space of HGMS in the cement
specimens is overestimated. This can only be explained by the fact that not all the HGMS
within the cement specimens were accessible to the mercury. Moreover, it can be seen that
the corrected values for cement pastes with a w/s ratio of 0.44 are more negative than for
pastes with a w/s ratio of 0.60. The higher compactness of pastes with lower w/s ratios
could possibly make it harder for the mercury to reach the HGMS than in pastes with
higher w/s ratios. Then, the overestimation of the fyuiq is greater for a w/s ratio of 0.44
than for a w/s ratio of 0.60, and the corrected porosity results more negative.

Given the problem aroused from the method "THGMS’s void volume fraction correction’,
this research will focus and consider as valid the method of the 'Ink-bottle pores correction’.
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It should be noted that the hypothesis underlying this application is that the ink-bottle
pores in the cement matrix are assumed to be similar, or at least not significantly different,
for pastes with the same w/s ratio, regardless of the presence of different classes of HGMS.

Table 4.3.2: MIP porosity and corrected porosity results of non-carbonated cement pastes
with and without HGMS with two w/s ratios

Paste MIP Ink-bottle pores HGMS’s void volume fraction
correction correction
(7] %] (7]
CS0044C00 | 28.5 16.3 28.5
CS2744C00 | 49.3 7.0 -11.1
CS4144C00 | 42.1 9.3 -32.4
CS0060C00 | 39.8 22.7 39.8
CS2760C00 | 62.6 17.8 -1.5
CS4160C00 | 56.7 20.9 -20.9

The lowest porosity as obtained from the raw data of the MIP tests and shown in Ta-
ble 4.3.2 is related for each w/s ratio to the plain cement pastes, followed by cement pastes
with HGMS41 and HGMS27, respectively. This has a relationship with the aforementioned
rupture of HGMS during this test. Particularly, it should be noticed from Section 2.1 that
HGMS27 are lighter than HGMS41 and also that both HGMS were added as 10% of cement
weight replacement. This implies that cement pastes with HGMS27 had a larger volume
of HGMS than cement pastes with HGMS41. Therefore, a larger volume of HGMS will be
intruded by the mercury during MIP tests on cement pastes with HGMS27 than on those
with HGMS41 which yields, as shown in the results, to higher porosity for specimens with
HGMS27 than for those with HGMS41.

Table 4.3.2 shows interesting results for the porosity as obtained after the ink-bottle
pores correction. To begin with, it is noticeable that plain cement pastes CS0044C00 and
CS0060C00 both show a relative decrease in porosity of 43%, which indicates that there is
no change in the proportion of the ink-bottle pores between cement pastes with different
w/s ratios. Inspecting the influence of the presence of HGMS, it appears that cement
pastes with HGMS27 yield the lowest porosity values for each w/s ratio, followed by cement
pastes with HGMS41 and then plain cement pastes. These results are in agreement with
the increase in compactness of cement pastes with HGMS, which is more noticeable for
HGMS27 than for HGMS41 due to the larger specific surface of the former.
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4.3.2 Effect on cement carbonation

After studying the effects of two classes of HGMS on the pore structure of class G cement
pastes, it is crucial to understand how these changes affect cement pastes under scCOq9
injection well conditions. Connecting the dots between HGMS induced pore changes and
their influence on supercritical carbonation provides a deeper understanding of how HGMS,
pore structure, and carbonation interact in this context.

This analysis begins with Table 4.3.3, which presents a summary of all the MIP porosi-
ties, corrected porosities, and ink-bottle pores for each cement paste studied in this work.
This includes cement pastes with HGMS27 and HGMS41, cement pastes with a w/s ratio
of 0.44 and 0.60, and carbonated cement pastes both external and internal parts of the
cylindrical specimens.

Based on the results presented in Table 4.3.3, as discussed in Section 4.2 of this chap-
ter, the MIP porosity for non-carbonated cement pastes without HGMS (CS0044C00 and
CS0060C00) is less than or equal to the porosity obtained for the same cement paste taken
from the internal parts of specimens carbonated for 60 days. In addition, a decrease in
MIP porosity can be observed when comparing CS0044C60INT with CS0044C60EXT and
CS0060C60INT with CS0060C60EXT. A similar behaviour to that of cement pastes with
a w/s ratio of 0.60 carbonated for 60 days is observed for cement pastes with a w/s ratio of
0.44 carbonated for 120 days. This trend is also observed in the corrected porosity values
after applying the ink-bottle pores correction.

Cement pastes with HGMS and a w/s ratio of 0.44 show a similar trend to those
without HGMS. However, this trend is less pronounced, as shown by the similar porosity
values (both MIP and corrected) between CS4144C60INT and CS4144C60EXT. Further-
more, while the MIP porosity of CS2744C60INT is lower than that of CS2744C60EXT,
the corrected porosity values show a less pronounced difference.

For cement pastes with HGMS and a w/s ratio of 0.60, the relationship between the non-
carbonated specimens and the internal part of the specimens carbonated for 60 days differs
for MIP porosity and ink-bottle corrected porosity. For MIP porosity, the non-carbonated
specimens have higher porosity than the internal part, while ink-bottle corrected porosities
show the opposite trend. However, in both cases, the internal part has a higher porosity
than the external part of the specimens carbonated for 60 days.
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Table 4.3.3: MIP porosity and corrected porosity results before and after carbonation of
60 days of cement pastes with and without HGMS with two w/s ratios, including 120-day
carbonation results for cement pastes with a w/s ratio of 0.44

Paste MIP porosity Corrected porosity Ink-bottle pores
K K K
CS0044C00 28.5 16.3 12.2
CS0044C60INT 35.9 23.5 124
CS0044C60EXT 31.7 21.0 10.7
CS0044C120INT 32.5 19.5 13.0
CS0044C120EXT 20.3 13.4 6.9
CS2744C00 49.3 7.0 42.3
CS2744C60INT 33.1 15.1 18.0
CS2744C60EXT 43.7 20.5 23.2
CS2744C120INT 46.2 21.3 24.9
CS2744C120EXT 38.2 15.8 22.4
CS4144C00 42.1 9.3 32.8
CS4144C60INT 37.5 23.7 13.8
CS4144C60EXT 39.5 23.8 15.7
CS4144C120INT 34.0 18.5 15.5
CS4144C120EXT 35.2 19.8 15.4
CS0060C00 39.8 22.7 17.1
CS0060C60INT 40.4 26.6 13.8
CS0060C60EXT 29.0 20.1 8.9
CS2760C00 62.6 17.8 44.8
CS2760C60INT 53.2 29.4 23.8
CS2760C60EXT 42.2 17.5 24.7
(CS4160C00 56.7 20.9 35.8
CS4160C60INT 39.2 22.5 16.7
CS4160C60EXT 35.9 18.5 17.4
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For cement pastes carbonated for 120 days, the trends in porosity values reveal signifi-
cant differences among the samples. For MIP porosity, the internal parts of the specimens
carbonated for 120 days show comparable or even higher porosity compared to the non-
carbonated samples, except for CS4144C120INT. In contrast, the external parts of the
carbonated specimens display lower porosity values than their internal counterparts, ex-
cept for CS4144C120EXT, which shows a roughly equal porosity than CS4144C120INT.
In terms of ink-bottle corrected porosity, all samples show significantly lower values com-
pared to their MIP counterparts. The internal parts of the carbonated specimens exhibit
higher corrected porosity than the external parts for plain cement pastes and those with
HGMS27. However, for cement pastes with HGMS41, the porosities on the internal and
external parts of the carbonated for 120 days samples are nearly equal.

Table 4.3.3 also shows a notable change in the volume of ink-bottle pores after sub-
jecting the cement specimens to scCO2 conditions. This parameter seems suitable for
measuring the progress of carbonation reactions within the cement specimens. The volume
of ink-bottle pores remains relatively constant between CS0044C00 and CS0044C60INT,
indicating that the pore structure of the CS0044C60INT samples is practically unaf-
fected. However, the ink-bottle pore volume decreases by 1.7 points from CS0044C60EXT
to CS0044C60INT, likely because the exposure to scCOs is more severe compared to
CS0044C60INT. This reduction in the ink-bottle pores between external and internal parts
is also observed in the pastes carbonated for 120 days.

For CS2744C00 and CS4144C00, the outcomes differ from those of CS0044C00. There
is a significant reduction in ink-bottle pores from non-carbonated to carbonated specimens
after 60 days, with a decrease of approximately 19 points for CS2744C00 and around 18
points for CS4144C00. Notably, the ink-bottle pore volume is greater in the external parts
of the specimens carbonated for 60 days (i.e. CS2744C60EXT and CS4144C60EXT) com-
pared to their internal counterparts (CS2744C60INT and CS4144C60INT). Additionally,
the percentage of ink-bottle pores in the external parts of the specimens carbonated for
60 days (i.e. CS2744C60EXT and CS4144C60EXT) is equal to that of both the inter-
nal and external parts of the specimens carbonated for 120 days (i.e. CS2744C120INT,
CS4144C120INT, CS2744C120EXT, and CS4144C120EXT). A similar trend is observed
for cement pastes with a w/s ratio of 0.60 carbonated for 60 days, where the total ink-
bottle pores are equal between the internal and external parts. This observation suggests
that carbonation reactions advanced throughout the entire specimens during 120 days of
scCOq exposure for cement pastes with HGMS and a w/s ratio of 0.44, and during 60 days
of scCO2 exposure for cement pastes with HGMS and a w/s ratio of 0.60.

The advancement of the carbonation reactions within the cement specimens also im-
pacts their pore structure and the material properties. Following exposure, the cement
matrix is expected to exhibit a coarser pore structure due to the consumption of cement
hydration products. Also, CaCOgs crystals are known to precipitate in the larger pores of
the cement matrix [33, 44].

These two phenomena combined are shown to decrease the volume of ink-bottle pores.
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On one hand, the consumption of cement hydration products increases the pore size of the
smaller pores within the cement matrix. On the other hand, the precipitation of CaCOg
crystals in the larger pores decreases their pore size.

(a) CS0044C00 (b) CS0044C60 (c) CS0044C120

(d) CS2744C00 (¢) CS2744C60 (f) CS2744C120°
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Figure 4.3.7: Cross-section of cement specimens with a w/s ratio of 0.44 before and after
scCOq exposure for 60 and 120 days treated with a pH indicator

To gain further insights into the coupled influence of w/s ratios and HGMS on cement
carbonation, Figures 4.3.7 and 4.3.8 display the cross-sections of each studied specimen
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before and after 60 and 120 days of carbonation, with a phenolphthalein (pH indicator). As
previously mentioned, carbonation consumes both Ca(OH)s and CSH, making it possible
to qualitatively assess the progress of the carbonation reaction by examining the pH of the
cement paste specimen.

(a) CS0060C00 (b) CS0060C60 (c) CS0060C120

(d) CS2760C00  (e) CS27 (f) CS2760C120

(g) CS4160C00 (h) CS4160C60 (i) CS4160C120

Figure 4.3.8: Cross-section of cement specimens with a w/s ratio of 0.60 before and after
scCOq9 exposure for 60 and 120 days treated with a pH indicator

Figures 4.3.7 and 4.3.8 highlight the importance of studying both internal and ex-
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ternal regions of cylindrical cement specimens subjected to the carbonation process. By
examining variations in pH and pore structure across different regions of the specimens,
a comprehensive understanding of the interplay between HGMS, pore morphology, and
cement carbonation can be attained.

It is noteworthy that the pozzolanic reaction of HGMS consumes the Ca(OH)2, which
could lead to a reduction of the pH of the cement matrix. However, regardless of the
w/s ratio, cement pastes containing HGMS from both classes exhibit a consistent purple
cross-section before carbonation. This suggests an even distribution of HGMS induced pH
changes, with Ca(OH)2 content being high enough to maintain the pH above 9.

For cement specimens with a w/s ratio of 0.44, the presence of HGMS from both classes
noticeably influences the carbonation progress within the specimen. While CS0044C60
shows minimal carbonation, with almost the entire cross-section appearing purple,
(CS2744C60 and CS4144C60 exhibit no indication of a pH exceeding 9. This discrepancy
in carbonation progress at the specimen scale between specimens with and without HGMS
underscores the importance of considering the specific characteristics of HGMS in cement
paste formulations.

To understand the results for cement pastes with HGMS at different w/s ratios, several
factors must be taken into account. The carbonation process involved high pressure and
temperature conditions (20 MPa and 90 °C) in the presence of supercritical COy and wa-
ter. MIP tests on HGMS powder samples (cf. Appendix A) revealed that HGMS27 begin
to break at a pressure of 15.9 MPa. This suggests that under the carbonation conditions
considered in this study, the HGMS in cement pastes CS2744C00 and CS2760C00 break,
leading to the transformation of their occluded porosity into interconnected porosity. Such
a transformation alters the pore structure and may affect the transport properties of ce-
ment pastes containing HGMS27, thereby influencing the carbonation rate. In contrast,
HGMS41 (CS4144C00 and CS4160C00) should not exhibit this behaviour, as they show
a strength higher than 34 MPa. However, as discussed in Chapter 3, the outer shell of
HGMS is partially consumed by pozzolanic activity, which likely decreases their crushing
strength over time, resulting in similar behaviour between cement pastes with HGMS27
and those with HGMS41.

After 120 days of carbonation, CS0044C120 displays a significant advancement of the
carbonation front, evidenced by a decrease in pH extending from the surface towards the
core of the specimen. Conversely, CS2744C120 and CS4144C120 do not exhibit signs of
elevated pH values, indicating a more uniform distribution of carbonation throughout the
specimens.

Figures 4.3.9 and 4.3.10 show the pore entry size distribution obtained from MIP tests
on cement pastes with HGMS27 and HGMS41 both before and after a carbonation stage
of 60 days and with the two w/s ratios considered in this research. As done for the plain
cement pastes in Subsection 4.2.2; internal and external parts of the cylindrical carbonated
specimens were tested.
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Figure 4.3.9: Pore entry size distribution of cement pastes with HGMS27 in non-carbonated
state and after 60 days of carbonation
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Figure 4.3.10: Pore entry size distribution of cement pastes with HGMS41 in non-
carbonated state and after 60 days of carbonation

Some clear differences can be appreciated between the results before and after 60 days
of carbonation for every specimen. It is noticeable that, differing from the results seen for
plain cement pastes, the pore entry size distribution after carbonation of the internal and
the external part of the specimens are almost the same or, at least, similar. This confirms
the pH indicator results, which show a total dissolution of the Ca(OH)s2 in HGMS cement
pastes.

In every case, regardless of the class of HGMS and the w/s ratio, after carbonation the
main peak significantly shifts to a larger pore entry size diameter. For cement pastes with
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HGMS27 at both w/s ratios, the peak shifts to an approximate value of 1 x 10~! pm, while
for cement pastes with HGMS41 at both w/s ratios, the peak translates somewhere between
9x1072 pm and 5x 1072 pm. These peaks correspond to pressures of approximately 12 MPa
for HGMS27 and between 14 and 25 MPa for HGMS41.

It is likely that these pressures reflect the rupture pressure of each class of HGMS after
being partially consumed by pozzolanic activity. However, not all HGMS undergo rupture
during this testing phase, as some had already broken during the carbonation process itself.
Additionally, the degradation of the cement matrix now makes the HGMS more accessible
for mercury intrusion, particularly in the broken ones.

At pressures beyond those previously mentioned, mercury begins to intrude into two
distinct regions: first, into the remaining intact HGMS that survived the carbonation
process, and second, into the interior of the HGMS that have already broken. In the latter
case, access to these internal pores remains limited because many of these broken HGMS
are not in direct contact with larger, interconnected pores, even after carbonation. This
behaviour further influences the pore structure and contributes to the observed pore size
distribution shifts.

SEM images are shown in Figure 4.3.11 for cement pastes with a w/s ratio of 0.44
carbonated during 60 days, in Figure 4.3.12 for cement pastes with a w/s ratio of 0.60
carbonated during 60 days, and Figure 4.3.13 for the internal part of cement specimens with
both w/s ratios carbonated for 120 days. These figures help understanding the mechanisms
of degradation of lightweight cement pastes exposed to these conditions. It is initially
noteworthy that in many of the presented SEM images the outer glass shell is still present,
though HGMS present a decrease in the outer shell thickness due to the pozzolanic activity.

Then, the change in the microstructure really stands out. By comparing any of these
images with those presented before carbonation in Figures 4.3.2 and 4.3.3, the degradation
of the microstructure of the cement specimens with HGMS after carbonation (both 60 and
120 days) is noticeable. The material exhibits significant degradation of its microstructure,
with a less prominent matrix contributing to an altered structural integrity.

It is interesting to note that some CaCOQOs crystals appear to have formed within the
large voids of the HGMS. This observation confirms that during exposure to COs, some
HGMS broke, allowing carbonation products to precipitate within these large, accessi-
ble voids. These results are particularly noteworthy and support previous considerations
regarding the supercritical carbonation process of cement paste [32, 119].
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(c) CS4144C60INT (d) CS4144C60EXT

Figure 4.3.11: SEM images of internal and external parts of cylindrical specimens with
HGMS and w/s ratio of 0.44 after 60 days of carbonation
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Figure 4.3.12: SEM images of internal and external parts of cylindrical specimens with
HGMS and w/s ratio of 0.60 after 60 days of carbonation
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(c) CS2760C120INT (d) CS4
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Figure 4.3.13: SEM images of internal parts of cement paste with HGMS and both w/s ra-
tios cylindrical specimens after 120 days of carbonation

Overall, cement paste lightened with HGMS is affected similarly to cement pastes
without HGMS. By disregarding the peaks of pore size distribution associated with this
admixture in both non-carbonated and carbonated specimens, the trend observed in Fig-
ure 4.2.4 can also be noticed in Figures 4.3.9 and 4.3.10. Initially, there is a relatively
well-defined peak (depending on the w/s ratio), which completely disappears after carbon-
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ation, resulting in a relatively uniform pore size distribution. Additionally, it should be
noted that the entire process of lightened cement paste carbonation depends on the prop-
erties of the HGMS used, particularly their chemical interaction with the cement paste and
their crushing strength.

4.4 Conclusion

Variations in the microstructure of the class G cement pastes studied in this research
have been analysed. In particular, the effects of w/s ratio, the presence of HGMS and
supercritical carbonation were discussed. This was done on the basis of an exhaustive
analysis of the results obtained from MIP tests, SEM observations and the carbonation
progress measured qualitatively with phenolphthalein.

It is highlighted that, as expected, the w/s ratio and the presence of HGMS signif-
icantly affect the microstructure of the class G cement pastes. These factors influence
the carbonation mechanisms when the cement pastes are exposed to scCO2 injection well
conditions.

In particular, the following conclusions can be derived from this chapter:

o The w/s ratio affects the porosity of class G cement pastes. Higher w/s ratios induce
higher porosity.

o The w/s ratio also affects the pore structure of cement pastes. According to the
MIP results, the lower the w/s ratio, the smaller the pore entry size and the more
pronounced the peak of the pore entry size distribution. Similarly, the SEM images
show the changes in the microstructure associated with the smaller space available in
the cement paste with a w/s ratio of 0.44, resulting in a much more compact cement
matrix.

o The pH indicator results indicate that carbonation of cement pastes at greater w/s ra-
tios is accelerated during exposure to scCO2. Under the specific pressure and temper-
ature conditions of 20 MPa and 90 °C, the external parts of the carbonated specimens
for both w/s ratios show predominant CaCOjs crystal precipitation, which reduces
the MIP porosity. For the internal parts of the carbonated specimens the behaviour
varies slightly with the w/s ratio. Specimen CS0044C60INT shows mainly dissolution
of cement hydration products (Ca(OH), and CSH), while specimen CS0060C60INT
shows combined dissolution and precipitation.

e Exposure to scCOs results in a reduction of the pore entry size independent of the
w /s ratio. Specifically, for the external part of the carbonated specimens, the reduc-
tion is significant enough to cause the peak observed in the pore entry size distribution
of the non-carbonated specimens to disappear.
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e The pozzolanic activity and filler effect of HGMS causes the pore entry size distribu-
tion to shift towards smaller values. This indicates an increase in the compactness of
the cement matrix, which can be verified from SEM images.

e« HGMS initially confer occluded porosity to cement pastes. However, the results and
discussion presented in this chapter are valuable in understanding their potential
influence on the interconnected porosity of cement pastes under certain stress condi-
tions. The pressures achieved during the MIP tests exceed the strength of the HGMS
used. Therefore, as soon as the applied pressure reaches the strength of the HGMS,
they break, resulting in an increase in the interconnected porosity, as indicated by
the very sharp peak in the corresponding pore entry size distributions.

e Correction by measuring the ink-bottle pores made it possible to quantify the inter-
connected porosity of the cement matrix independently of the presence of HGMS. In
this way, the reduction in the interconnected porosity of the cement matrix due to
the use of HGMS could be assessed.

e The high pressure used to expose the cement specimens to scCOs injection well con-
ditions produced a similar effect to that of the MIP test. During exposure, the HGMS
broke. This led to an increase in interconnected porosity, which in turn favoured a
more rapid advancement of carbonation along the HGMS cement specimens. The
MIP results support this claim, as the pore entry size distribution in C60EXT and
C60INT specimens are almost identical. The pH indicator yielded additional evi-
dence, as it could be seen that the pH decreased throughout the whole specimen,
indicating that the Ca(OH)y was completely consumed. The SEM images confirm
this accelerated progress of carbonation, as even in the C60INT specimens CaCOgs
crystals could be observed.
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Chapter 5

Mechanical properties

5.1 Introduction

The mechanical integrity of the cement paste is critical to ensure the stability of injection
wells during CO3 injection and subsequent storage. Various factors, such as the w/s ratio,
the incorporation of HGMS, and exposure to COs injection well conditions, can significantly
influence the mechanical performance of cement pastes. As discussed in Chapter 1, the
cement sheath must withstand the combined effects of high pressure, temperature, and
chemical interactions within the storage site environment. These interactions, including
carbonation, induce microstructural changes that directly affect mechanical properties.

The relationship between cement paste porosity and mechanical properties is well-
established. Chapter 4 presented a detailed examination of how the w/s ratio and HGMS
content influence the pore structure, with important implications for durability and me-
chanical response. Specifically, the inclusion of HGMS and their potential rupture under
elevated pressures introduces a challenge, as their mechanical failure not only affects the
structural integrity of the cement paste but also accelerates the carbonation process. These
factors will be further explored in this chapter to understand how they contribute to the
changes in mechanical performance of cement pastes under COs injection well conditions.

This chapter is divided into three sections. The first section investigates the impact
of the w/s ratio on the mechanical properties of cement pastes, with a focus on the rela-
tionship between porosity and strength. The second section examines the effect of HGMS
incorporation on mechanical performance, emphasizing how the strength and volume frac-
tion of different HGMS classes (HGMS27 and HGMS41) influence the results of UCS tests
and drained triaxial compression tests. Finally, the third section discusses the role of su-
percritical carbonation in altering the mechanical behaviour of cement pastes, particularly
through the rupture of HGMS and the resulting microstructural changes.

By examining the results of UCS tests, triaxial compression tests, and dynamic elastic
properties, this chapter aims to characterize the mechanical behaviour in cement pastes.
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The conclusions drawn from this analysis, together with those from Chapters 3 and 4, will
provide a foundation for the homogenisation model developed in Chapter 6 and the finite
element modelling in Chapter 7.

5.2 Impact of water to solid ratio

This section discusses the effects of the w/s ratio on the mechanical properties of class G
plain cement pastes subjected to scCOs3 injection well conditions.

Following the structure established in Chapter 4, the discussion first focuses on the
mechanical behaviour in the reference state, i.e. before carbonation. To this end, the
results from ultrasonic wave velocity measurements are analysed to determine the dynamic
Young moduli. These findings, along with data from UCS tests, and isotropic and triaxial
compression tests, provide a comprehensive understanding of the effects of the w/s ratio
on the mechanical behaviour of the cement pastes considered in this research.

This section then examines how exposition to scCOq affects the mechanical properties
of class G plain cement pastes prepared at different w/s ratios. By analysing the results
of ultrasonic wave velocity measurements, UCS, and triaxial tests, we gain insight into
the mechanical performance and suitability of cement pastes with different w/s ratios for
scCOq injection wells.

The dynamic Young moduli were calculated by measuring the transit speed of an ultra-
sonic pulse through the cylindrical cement specimens. The investigation results revealed
notable changes in the p- and s-wave velocities due to variations in the w/s ratio. Specifi-
cally, for CS0044C00, V,, was measured at 3800 m/s and V was recorded at 2210 m/s. For
CS0060C00, the corresponding values were found to be 3370 m/s for V,, and 1880 m/s for
V. These results are consistent with the higher porosity obtained for CS0060C00 when
compared to CS0044C00 (cf. Section 4.2).

In accordance with Equation 2.3.6, the bulk and shear moduli can be easily obtained by
knowing the densities of each paste, which are 1.99 g/cm? for CS044C00 and 1.80 g/cm? for
CS0060C00. Moreover, by applying Equation 2.3.7, the Young modulus and the Poisson
coefficient can also be calculated. The elastic properties of the two cement pastes are
summarised in Table 5.2.1. The decrease in the V, and V, velocities for the paste with
a w/s ratio of 0.60 corresponds to a decrease of K, G and E ranging from 23% to 34%
depending on the parameter, while the Poisson coefficient increased around 12%.

Additionally, the UCS was determined for the cylindrical cement paste specimens. The
results indicate a clear correlation with the w/s ratio. Cement pastes with higher w/s ratios
show a reduced UCS compared to those with a lower w/s ratio. For CS0044C00, the UCS
results in 52 MPa while CS0060C00 yields a UCS of 40 MPa, corresponding to a reduction
of 23% for an increase in the w/s ratio from 0.44 to 0.60.
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Table 5.2.1: UCS and dynamic elastic parameters of plain cement pastes with different
w/s ratios

Cement paste | UCS [MPa] K [GPa] G [GPa] E [GPa] v

CS0044C00 52.0 15.7 9.7 24.1 0.24
CS0060C00 33.7 12.0 6.4 16.3 0.27
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Figure 5.2.1: Young modulus (solid line) and UCS (dotted line) of plain cement pastes
with different w/s ratios

As previously discussed (cf. Chapter 4), increasing the w/s ratio leads to higher porosity
in cement pastes [90]. An increased porosity reduces the compactness of the hydrated
cement structure [58]. A less compact structure directly impacts the mechanical behaviour
of the material, leading to a reduction in its strength and stiffness. As a result, both the
elastic properties, such as the Young, bulk, and shear moduli, and the UCS are diminished
as the w/s ratio increases [120, 121, 122, 123]. Moreover, the strong correlation between
the elastic properties, measured using ultrasonic wave velocity, and the UCS results shown
in Figure 5.2.1 aligns with the results of Kaplan [124].

5.3 Impact of HGMS

Chapters 3 and 4 thoroughly investigated the effect of HGMS on the microstructure of class
G cement pastes. It was observed that HGMS not only contribute to a higher compactness
of the cement matrix, thereby reducing the porosity, but also play a crucial role in improving
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the pore size distribution.

However, to arrive at these results, two main properties of HGMS were considered:
strength and geometry. The strength of the HGMS is crucial, if exceeded mechanical
damage occurs. Additionally, the geometry of the HGMS is characterized by a significant
internal void space. Hence, during high confining pressure tests HGMS may break, as it
happened during MIP tests, leading to changes in the initially improved pore structure
and possibly affecting the mechanical properties of the cement pastes.

The dynamic Young moduli were measured for cement pastes CS2744C00, CS4144C00,
CS2760C00, and CS4160C00 using Equation 2.3.6. However, it is important to note that
this equation assumes that the material behaves as homogeneous and isotropic.

Despite the material not being perfectly homogeneous, it is still possible to make use
of the measured velocities presented in Table 5.3.1 if the separation of scales requirement
(d < ) is satisfied, where d stands for the size of the Representative Elementary Volume
(REV) of the heterogeneous material and A for the wavelength of the ultrasonic pulse [69].

Table 5.3.1: Measured ultrasonic wave velocities on cement pastes with different w/s ratios
and with HGMS27 and HGMS41

Paste Vp [m/s] Vs [m/s]
Mean SD  Mean SD

CS0044C00 | 3800 41.80 2210 70.34
CS2744C00 | 3340 32.56 1980 11.88
(CS4144C00 | 3580 15.20 2070 22.68
CS0060C00 | 3370 28.04 1880 22.17
CS2760C00 | 3090 15.05 1760  7.86
(CS4160C00 | 3270 25.65 1840 6.73

Based on the ultrasonic pulse frequency of 500 kHz and the velocities presented in
Table 5.3.1, the wavelength is at least 3.5 mm. This is significantly larger than both the
HGMS and the REV of the material (see Figures 4.3.2 and 4.3.3). Even by considering a
REV 10 to 20 times larger than the HGMS, which have a D50 of 30 and 40 pm, the use of
Equation 2.3.6 for these cement pastes is justified due to the scale separation between the
wavelength and the characteristic size of the REV.

The dynamic elastic properties obtained through ultrasonic wave velocities gathered
in Table 5.3.2 demonstrate the influence of HGMS. For each w/s ratio, the plain cement
pastes yield the highest moduli, followed by cement paste with HGMS41 and with HGMS27,
respectively.

This observation aligns with expectations, as HGMS41 presents a higher density than
HGMS27, leading to a thicker outer shell and reduced inner void space. It is crucial to
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Table 5.3.2: UCS and dynamic elastic parameters of cement pastes with different w/s ratios
and with HGMS27 and HGMS41

Cement paste | UCS [MPa] K [GPa] G [GPa] E [GPa] v

CS0044C00 52.0 15.7 9.7 241 0.24
CS2744C00 26.9 8.3 5.4 13.4 0.23
(CS4144C00 35.1 11.4 6.8 17.1 0.25
CS0060C00 33.7 12.0 6.4 16.3 0.27
CS2760C00 19.8 6.9 4.0 10.1 0.26
CS4160C00 30.0 9.1 5.0 12.7 0.27

emphasize that the dosages were derived by replacing 10% with HGMS from each class.
Consequently, the density of the respective class of HGMS directly impacts the volume
fraction of the HGMS used. HGMS27, with its lower density, exhibits both larger volume
fraction and larger inner void space in comparison to HGMS41. This translates into a
significantly larger inner void space for cement pastes with HGMS27 than for those with
HGMS41.

Additionally, the UCS results are depicted in Figure 5.3.1, and they are also compared
with the dynamic Young moduli. As observed previously for different w/s ratios in Sec-
tion 5.2, a clear relationship exists between the UCS and dynamic Young modulus values.
Higher dynamic Young modulus values correspond to higher UCS values.
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Figure 5.3.1: Young modulus (solid line) and UCS (dotted line) of cement pastes with and
without cement replacement by HGMS

To gain insight into these results, the physical properties of HGMS are crucial [19, 84],
as the UCS test measures the compressive strength of the cement paste as a whole, including
the contribution of HGMS. HGMS41 has a higher density and thicker outer shell compared
to HGMS27, which translates to greater strength as informed by the manufacturer. The
difference in strength is verified through MIP tests on powder samples (Appendix A).
During these MIP tests, the rupture pressure observed for each class of HGMS is less than
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or equal to the UCS measured in the respective cement pastes. This suggests that, under
the compressive loads applied during the UCS test, the HGMS likely surpass their rupture
strength.

Therefore, given the higher strength and lower volume fraction of HGMS41 within the
cement paste (both attributed to its higher density), the UCS results were expected. The
cement paste with the lowest amount of void space presented the highest UCS, followed
by cement paste with HGMS41, which yields higher strength and lesser HGMS volume
fraction. Lastly, cement paste with HGMS27 yields the lowest UCS since HGMS27 presents
higher volume fraction, greater inner void space, and lower strength.

Figures 5.3.2 and 5.3.3 show the plots of dynamic Young modulus and UCS against
absolute porosity, respectively. As expected, there is a clear relationship between these
mechanical properties and the total porosity, regardless of whether this porosity is inter-
connected or occluded within the HGMS. The occluded porosity inside the HGMS also
influences the overall behaviour of the cement paste. Additionally, the dynamic elastic
properties are closely related to the material’s density, which depends on the inner void
space of the HGMS. Similarly, UCS values are not solely determined by the compactness
of the cement matrix but also by the strength and void space of the HGMS.
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Figure 5.3.2: Young modulus as a function of porosity of plain cement pastes and cement
pastes with HGMS with different w/s ratios
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Figure 5.3.3: UCS as a function of porosity of plain cement pastes and cement pastes with
HGMS with different w/s ratios

It is expected that cement pastes with the highest porosity for each w/s ratio are
the ones with the largest volume fraction of HGMS and inner void space per HGMS
(CS2744C00 and CS2760C00), which effectively yield the lowest Young moduli and UCS.
For CS4144C00 and CS4160C00, an increase in both mechanical parameters is observed.
This is possibly due to the reduced volume fraction of HGMS41 in the cement pastes and
the higher strength of this class of HGMS compared to HGMS27.

Though an increase in compactness is granted to the cement matrix by the presence
of HGMS of both classes, their strength still appears to be a limiting factor. It could be
expected that cement pastes with partial cement replacement by HGMS of higher strength
than that of the plain cement paste could possibly yield higher UCS, since the compactness
increases and the material would start failing through the cement matrix instead of doing so
through some weakness points granted by the HGMS. This concept can be further analysed
by quantifying, for each w/s ratio, the differences in porosity and mechanical properties
obtained for cement pastes with HGMS with respect to plain cement pastes, as shown in
Table 5.3.3.

It is noticeable that the trend in the differences presented in Table 5.3.3 change with
the w/s ratio. The change in porosity due to cement replacement by each HGMS slightly
increases from cement pastes with a w/s ratio of 0.44 to those with a w/s ratio of 0.60.
This would indicate that the decrease in the informed mechanical parameters shall be more
important for cement pastes with a w/s ratio of 0.60 than for those with a w/s ratio of
0.44. However, the absolute difference of both the Young modulus and the UCS due to the
influence of HGMS is lower for cement pastes with a w/s ratio of 0.60 than for those with
a w/s ratio of 0.44.

This behaviour could be related to the decrease in the mechanical properties of the
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Table 5.3.3: Porosity and mechanical parameters difference compared to plain cement
pastes

Cement paste | E [GPa] / [%] UCS [MPa] / [%] Porosity [%] / [%]

CS0044C00 0 0 0
CS2744C00 -10.7 / -44 -25.2 / -48 20.8 / 73
(CS4144C00 -7.0 / -29 -16.9 / -33 13.6 / 48
CS0060C00 0 0 0
CS2760C00 6.2 / -38 -13.8 / -41 22.8 / 54
CS4160C00 -3.6 / -22 3.7/ -11 16.9 / 40

cement matrix due to the increase in the w/s ratio, as informed in Section 5.2. This
decrease could also be understood as an increase of the relative mechanical properties of
HGMS27 and HGMS41 with respect to the cement matrix. Therefore, instead of granting
weakness points to the cement matrix prepared at a w/s ratio of 0.6, the HGMS start to
behave as inclusions that are both relatively more rigid and have a relatively higher strength
with respect to the cement matrix than those within cement pastes with a w/s ratio of
0.44. Hence, the decrease in the mechanical properties due to the influence of HGMS is less
noticeable. Moreover, it can be seen that for CS4160C00 the difference is close to being
null, which indicates that effectively this class of HGMS is achieving both the rigidity and
the strength of the cement matrix in paste CS4160C00.

Bringing the focus of the discussion to the results of the triaxial tests, Figure 5.3.4
shows the behaviour of each non-carbonated cement paste when subjected to an isotropic
compression. There are two clearly distinguishable behaviours to outline.
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Figure 5.3.4: Cement pastes behaviour under high effective confining stress

A confining pressure results in a shift in the behaviour of the cement pastes, but the
pressure at which this change occurs varies between samples. For CS0044C00, a noticeable
change in slope occurs before 10 MPa of confinement. In contrast, for CS2744C00, the
change in slope is observed before 18 MPa, and for CS4144C00, it occurs before 15 MPa.
The observed decrease in the slope in cement pastes with HGMS could be related to both
damage and elastoplastic behaviour.

The cement pastes exhibit a non-linear elastic behaviour. To quantify their compress-
ibility, the secant drained bulk modulus (K ) was measured over a range of 0 MPa to
5 MPa of effective confining pressure. The term secant modulus is used to describe the
average value of the tangent modulus over this pressure interval. Unlike the tangent mod-
ulus, which represents the slope of the stress-strain curve at a specific point, the secant
modulus provides a broader measure of stiffness that accounts for the material’s overall
response within the specified pressure range [71]. This approach helps to characterize and
compare the cement pastes’ compressibility despite their non-linear behaviour. These re-
sults are consistent with the dynamic elastic parameters shown in Table 5.3.2. The highest
Kg corresponds to CS0044C00, followed by CS4144C00 and CS2744C00, respectively.

Lima et al. [125] studied two alternative mixtures of class G cement pastes. The first
one is a plain cement paste while the second one is a stabilized one, in which a defoamer
was used at 0.1% by weight of cement to reduce its porosity. A significant porosity decrease
in stabilized cement pastes when compared to traditional ones was measured through both
helium expansion and MIP. The authors performed triaxial compression tests with confining
pressures ranging from 0 MPa to 20 MPa. Among the obtained results, the increased
stiffness of the stabilized cement paste when compared to plain cement pastes is noteworthy.
This is an expected result, since the mechanical properties of cement paste/mortar/concrete
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is well-known in the industry to be affected by its porosity [24].

In the research of Zhang et al. [126], an analysis of the mechanical properties of cement
mortars with different compositions and porosities was performed. They compare the
behaviour of mortars with different amounts of alcohol-based shrink-reducing admixture
(ASRA). Three different mixtures were prepared with varying amounts of ASRA: 0%,
1%, and 2%. The inclusion of ASRA influenced the porosity of the mixtures, resulting in
porosities of 3.89%, 4.13%, and 5.90%, respectively, corresponding to the increasing ASRA
content. With these mixtures, they prepared cylindrical specimens and performed triaxial
compression tests at different confining pressures, ranging from 0 MPa to 40 MPa. These
tests also showed the decrease in stiffness of the mortars related to a higher porosity.

The behaviour of cement pastes containing HGMS in isotropic compression tests is
directly linked to their porosity as measured by MIP, before considering any corrections
for the rupture of HGMS. Cement pastes with HGMS exhibit characteristics similar to
cementitious mixtures with higher porosity, as observed in previous studies [125, 126, 127].
CS0044C00, with the lowest total porosity (including both interconnected and occluded
porosity), demonstrates the highest stiffness. Among the cement pastes containing HGMS,
(CS4144C00, due to the higher density of HGMS41 compared to HGMS27, contains a
smaller volume of HGMS, leading to lower total porosity and consequently greater stiffness
than CS2744C00. This trend aligns with previous findings that higher porosity leads to
lower stiffness and strength [120, 121, 122, 123].

Furthermore, the results for the cement pastes used in this research are in accordance
with those of class G cement pastes modified with ground tire rubber (GTR) used in the
research of Cheng et al. [128]. The authors performed both, MIP tests to assess the pore
entry size distribution, and triaxial compression tests at confining pressure of 16 MPa.

Similar to the changes observed between CS2744C00 and CS4144C00, the most probable
pore entry size shifts when comparing traditional class G cement paste with GTR-modified
cement paste. According to Cheng et al. [128], this shift is attributed to the enhanced
compactness of the cement matrix. They suggest that this effect is due to the GTR
particles reducing the presence of larger pores and contributing to the densification of the
cement paste. However, considering the significant difference in size between the GTR
particles (average size of 120 pm) and the pore size distribution of plain cement pastes
(ranging from 30 to 80 nanometres), it is more plausible that the GTR particles exhibit a
filler effect, enhancing the compactness of the cement paste.

As for the triaxial compression tests, traditional and GTR-modified cement pastes
exhibited notable differences in behaviour under a maximum deviatoric stress of 16 MPa.
Plain cement paste displayed a completely linear elastic response throughout the test. In
contrast, the GTR-modified cement paste exhibited a two-phase behaviour: an initial linear
elastic phase up to approximately 6 MPa, followed by a plastic phase characterized by a
decrease in stiffness and the appearance of irreversible strains. This change in behaviour,
where GTR cement paste shows reduced stiffness in the linear elastic phase compared to
plain cement paste, mirrors the trends observed in cement pastes with HGMS.
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The similarity in behaviour between cement pastes containing GTR — shown in the
research of Cheng et al. [128] — and HGMS — shown in Figure 5.3.4 — can be attributed
to their similar effects on the cement matrix’s microstructure. Both GTR and HGMS
lead to a shift in the pore size distribution of the plain cement paste to smaller diameters,
indicating an increase in the matrix’s compactness. Moreover, the HGMS and GTR par-
ticles themselves appear to be acting as weak points within the cement matrix. Although
the interfaces between the GTR or HGMS and the cement matrix differ -HGMS shows a
stronger interface due to its pozzolanic activity and filler effect (cf. Chapter 3) while GTR
has a weaker interface [128] — both result in a comparable reduction in elastic properties.

Figure 5.3.5 shows the results of these triaxial compression tests in terms of shear stress
(q) versus shear strain (e;) for non-carbonated cement pastes. These results showed dif-
ferent characteristics depending on the presence of HGMS. CS0044C00 showed the highest
stiffness, followed by CS4144C00 and CS2744C00. In addition, all three pastes exhibited
changes in the slope of the plotted data, which might indicate a combination of mechanical
damage and irreversible strain.

80
CS0044C00 - 30 MPa
------ CS2744C00 - 15 MPa
CS2744C00 - 30 MPa
CS4144C00 -
60 +
<
[alh
=404 N\ /S
~ | e N\ [/ -
20
0 T T T T

T T
—0.020 —0.015 —0.010 —0.005 0.000 0.005 0.010 0.015
€y €s

Figure 5.3.5: ¢ versus €5 and €, obtained for cement pastes with a w/s ratio 0.44 and cement
replacement with HGMS. Data are shown for effective confining pressures of 30 MPa for
CS0044C00, CS2744C00, and CS4144C00, and 15 MPa for CS2744C00. For g versus ¢,,
results are available for CS0044C00 and CS2744C00 under 30 MPa effective confining
pressure.

For cement paste CS2744C00, Figure 5.3.5 illustrates that the test with an effective
confining pressure of 15 MPa yields higher stiffness than that with an effective confining
pressure of 30 MPa. This unexpected behaviour may be linked to the mechanical properties
of HGMS27 within the cement paste. The MIP tests on powder indicate that the rupture
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pressure of HGMS27 is around 15 MPa (cf. Appendix A), suggesting that higher confining
pressures increase the probability of breaking the HGMS27 in CS2744C00. Additionally,
the pozzolanic activity of HGMS27 contributes to a reduction in the strength of these
HGMS by consuming part of their outer shell (cf. Chapter 3). Supporting this hypothesis,
the volumetric strain data reveals a significant increase when the confining pressure rises
from 15 MPa to 30 MPa, with the volume strain under 15 MPa remaining low and escalating
approximately threefold to around 0.00431 at 30 MPa. This substantial increase in volume
strain may serve as evidence of extensive damage to the HGMS, indicating that the elevated
confining pressure not only contributes to their failure but also impacts the mechanical
properties of the cement paste, resulting in a decrease in stiffness with increasing effective
confining pressures.

Besides, the behaviour of all the cement pastes under confinement presents three main
zones. Initially, the materials show an elastic part, the largest being that of CS0044C00,
followed by CS4144C00, and CS2744C00, respectively. This is followed by a transition
phase where the material appears to exhibit signs of the beginning of both damage and
plastic strains. The end of the elastic behaviour occurs at lower stress for CS2744C00,
followed by CS4144C00 and then CS0044C00. Finally, an almost linear hardening zone
exists, which is more pronounced for CS0044C00, but ends abruptly with material failure.
For CS2744C00 and CS4144C00, this hardening zone continues up to larger strains.

In the aforementioned researches of Lima et al. and Zhang et al. [125, 120] the strength
dependency on the porosity of cement pastes is also studied.

On the one hand, Lima et al. [125] focused on the type of rupture presented by each
material. In terms of behaviour, the stabilized cement paste (less porous) presented a
more brittle behaviour, even at relatively high confining pressures. For 10 and 20 MPa
of confining pressure, the plain cement paste presents two clearly defined zones. The first
one is denoted as linear elastic behaviour, which is sustained until reaching a damage zone,
characterized by a decreased stiffness of the material. Moreover, the stabilized cement
paste presented a much higher strength than the traditional one.

On the other hand, Zhang et al. [126] noticed in their work a decrease in the compressive
strength for every confining pressure when the porosity increases. The authors divide the
behaviour of the cement mortars into zones. The linear elastic zone, which corresponds to
the elastic behaviour of the material in which no damage occurs. The elastoplastic and
damage zone, in which the material experiences inelastic deformation as it reaches its yield
point. The stress-strain curve exhibits nonlinearity, particularly under uniaxial loading
and in specimens with low internal porosity. Within this zone, internal damage starts
to accumulate as mesocracks that cause discontinuities in the solid matrix. This damage
is characterized by irreversible strains and changes in the material’s internal structure.
The presence of mesocracks results in localized stress concentrations, which accelerate the
progression of internal damage. Finally, the post-peak softening zone corresponds to the
formation of macroscopic shearing planes. Regarding the strength attained by each of these
pastes, the trend is similar to that of the stiffness. The most porous cement paste exhibited
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the lowest strengths across all confining pressures, followed by the paste with intermediate
porosity, and finally, the paste with the least porosity.

The results in Figure 5.3.5 further confirm the behaviour of HGMS cement pastes.
The void space within HGMS appears to be playing a significant role in the mechanical
performance of CS2744C00 and CS4144C00. Both cement pastes exhibit a more ductile
behaviour and a lower strength than CS0044C00. By comparing the results of HGMS
cement pastes with those observed in the studies of Lima et al. and Zhang et al. [125, 120],
it can be further confirmed that the use of HGMS leads to mechanical behaviour akin to
an increase in the total porosity of the material.

In addition, Figure 5.3.6 presents the relationship between effective axial stress (o}) and
effective confining pressure (0%) for cement pastes CS0044C00, CS2744C00, and CS4144C00.
These results were obtained from UCS tests and drained triaxial tests conducted at effec-
tive confining pressures of 30 MPa and 15 MPa (only for CS2744C00), with a constant
pore pressure of 5 MPa. The UCS tests are performed in accordance with standard proce-
dures for cement characterization (cf. Chapter 2), while the triaxial tests are designed to
assess the material properties under well conditions, considering both pore and confining
pressures. Each data point reflects the effective stress state at failure for each paste.
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Figure 5.3.6: o} vs. 0% obtained from drained triaxial tests with 15 MPa and 30 MPa of
effective confining pressure and 5 MPa of pore pressure. Cement pastes with a w/s ratio
0.44 and partial cement replacement with HGMS

The results reveal significant differences in the strength of the three cement pastes.
CS0044C00 demonstrates the highest axial stress reached by the specimen (o7) at low ef-
fective confining pressures (0%), likely due to the absence of HGMS. In contrast, CS2744C00
exhibits a marked reduction in strength at low o4, reflecting the influence of the weak points
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granted by HGMS27. This trend is also observed in CS4144C00, which uses HGMS41 —
stronger than HGMS27 — but still shows a decrease in strength at low o4 compared to
CS0044C00.

In terms of the increase in g¢pq, at high of, CS4144C00 exhibits a greater increment
compared to the other pastes, suggesting a more frictional behaviour. This enhancement
may be attributed to the strong interaction between the cement matrix and HGMS41.
In contrast, CS2744C00 displays a lower increment in gnq, at high o}, likely due to the
increased likelihood of HGMS27 rupture under elevated confining pressures in contrast to
HGMS41.

It is interesting to note that o] does not increase in CS2744C00 between 15 MPa and
30 MPa of of. One possible way of understanding this phenomenon is by considering the
strength of HGMS27 and the confining pressure to which it was subjected. CS2744C00
strength was obtained for two effective confining pressures, i.e. 15 MPa and 30 MPa.
HGMS27 has a strength of 27 MPa as informed by the manufacturer, which could be lower
in accordance to the results obtained in Appendix A, Figure A.2. It is therefore possible
that during this test, the pore structure of this cement paste resulted severely affected
only due to the increase in confining pressure, which would have affected the mechanical
properties of the material.

5.4 Impact of carbonation

The discussion now focuses on the influence of the w/s ratio and presence of HGMS on the
mechanical behaviour after supercritical carbonation. This analysis will be related to the
effects already shown on the pore structure.

In this regard, it is worth noting that the integrity of some specimens was affected
during the carbonation process. The carbonation, conducted under high pressure and
high temperature conditions, subjected the specimens to a total confining pressure that,
as discussed in Chapter 4, led to the rupture of the HGMS. This damage to the HGMS
had a significant impact on the behaviour of the cement paste as carbonation advanced,
potentially affecting the mechanical properties.

Another source of damage relies on the process of dismounting the carbonation cell. As
explained in Subsection 2.3.4, this process needs to be carefully done since the decrease in
the CO9 pressure will generate some pressure gradient between the inside of the specimen
and the cell. This induces tensile stresses which could overpass the tensile strength of the
material and break it.

These phenomena could be considered physical effects on the integrity of the cement
specimens, solely due to the high pressure involved in the scCO2 exposure. Moreover, the
changes in the microstructure due to the cement paste supercritical carbonation also affect
the integrity of the specimens, as shown in Chapter 4. The alteration of the cement matrix,
where the well-defined structure is replaced by loosely bound particles, further contributes
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to the reduction in material integrity.
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Figure 5.4.1: Young modulus (solid line) and UCS (dotted line) of cement pastes with and
without cement replacement by HGMS before and after carbonation for 60 days

Hence, in terms of mechanical properties, the total damage related to the scCO9 ex-
posure can be measured as a decrease in the dynamic Young moduli. A decrease in the
ultrasonic wave velocity was observed for all the specimens, regardless of the w/s ratio or
the class of HGMS used. These results are presented in solid line in Figure 5.4.1, which
shows a comparison between the results before and after carbonation for cement pastes
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with a w/s ratio of 0.44 in Figure 5.4.1a and for those with a w/s ratio of 0.60 in Fig-
ure 5.4.1b. Additionally, Figure 5.4.1 also shows the UCS results for each cement paste in
dotted line.

It is interesting to study the relative decrease obtained in both the Young modulus and
the UCS due to carbonation, which is shown in Table 5.4.1. The most significant decrease
in the Young modulus due to carbonation corresponds to the cement paste with HGMS27
for both w/s ratios, i.e. CS2744C60 and CS2760C60, while the lowest decrease corresponds
to cement pastes without HGMS, i.e. CS0044C60 and CS0060C60. As for the UCS, the
trend is similar, though a much lower decrease is observed in CS2760C60. Both CS2760C60
and CS4160C60 yield a roughly equal decrease of the UCS after 60 days of carbonation.

Additionally, the relationship between the Young modulus and the UCS can be verified
for all the cement pastes after carbonation. However, it is remarkable that the UCS of
(CS0044C60 does not appear to be as affected as the Young modulus. This trend only
occurs with the plain cement paste with a w/s ratio of 0.44, since CS0060C60 does not
present the same phenomenon.

This difference may be explained by the occurrence of incomplete carbonation in certain
specimens. As discussed in Chapter 4, pH indicator tests revealed that the consumption
of Ca(OH)3 is not uniform across all specimens. For instance, CS0044C60 exhibited a pH
above 9 throughout its entire section, indicating that there was little to no consumption
of Ca(OH)sz. In contrast, CS0060C60 showed two distinct zones: one with a pH below
9 and another with a pH above 9. These clearly defined zones in specimens with higher
w /s ratios leads to a more heterogeneous material, which impacts the mechanical properties,
particularly the UCS. In these cases, the material tends to fail due to the detachment of
the outer zone, where pH is lower than 9, resulting in a failure at lower stresses.

Table 5.4.1: Decrease in the Young modulus and the UCS after carbonation for 60 days

Paste | E [%] UCS [%]
CS0044C60 | 49.2 22.7
CS2744C60 | 61.2 62.3
(CS4144C60 | 59.9 50.5
CS0060C60 | 32.5 37.1
CS2760C60 | 71.8 58.2
CS4160C60 | 58.8 59.9

Figure 5.4.2 shows the volumetric strain against effective confining pressure before and
after scCOq exposure. It is important to note that while we refer to the confining pressure
as effective, this assumption may not be entirely guaranteed due to the uncertainty around
the drained condition. After 60 days of carbonation, the heterogeneity of the specimens,
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leading to variations in porosity and permeability, could affect the drainage conditions. In
this study, the same loading rates used for non-carbonated pastes were applied, with the
assumption that they would be sufficient to maintain drained conditions.

The decrease in K for each cement paste after carbonation is noteworthy. The decrease
in stiffness for the plain cement paste (CS0044C60) is relatively small compared to cement
pastes with HGMS. This smaller reduction may be related to the absence of HGMS, as
their rupture during carbonation likely contributes to the greater stiffness loss observed in
CS2744C60 and CS4144C60.
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Figure 5.4.2: Drained bulk modulus of cement pastes before and after scCO4 exposure

Some similar trend can be noticed in Figure 5.4.3. In this case, the confining pressure
increase speed was such that it did not allow the complete release of the pore pressure,
leading to the measurement of the undrained bulk modulus (K,) of the cement pastes.
However, due to the aforementioned heterogeneity introduced by the carbonation exposure,
it is challenging to guarantee fully undrained conditions. There may have been some
degree of pore pressure dissipation during the tests, meaning that the measured K, might
not represent a truly undrained state. The variability in permeability after carbonation
exposure, coupled with the fact that the loading rates were the same as those used for
non-carbonated specimens, may have resulted in an intermediate condition, somewhere
between drained and undrained.

K, presents a similar behaviour to Ky, with the highest K, before scCOs exposure
corresponding to CS0044C60, followed by CS4144C60 and CS2744C60, respectively. Af-
ter carbonation, the loss of stiffness is more pronounced in CS4144C60 compared to
(CS2744C60, resulting in CS0044C60 retaining the highest K,, followed by CS2744C60
and finally CS4144C60. This deviation from the trend observed with K, could be linked to
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the uncertainty about drainage conditions. It is possible that K, and K, reflect different
states of drainage, which complicates a direct theoretical relationship between the two.
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Figure 5.4.3: Undrained bulk modulus of cement pastes before and after scCO4 exposure

In their research, Takla et al. [129] focus on studying the behaviour of carbonated and
calcium-leached oil-well cement pastes. They use traditional class G cement pastes with
a w/c ratio of 0.4 from which cylindrical specimens were obtained and cured at 90 °C for
a month. Then, they prepared 4 groups of specimens. Two of them were non-carbonated
specimens, from which only one was subjected to a calcium leaching procedure with am-
monium nitrate. The other two correspond to carbonated specimens also divided in two
groups, from which one was subjected to the calcium leaching procedure. This results in
the following groups of specimens: sound specimens, leached specimens, carbonated speci-
mens, and carbonated leached specimens. It is worth noting that the curing conditions and
the carbonation procedure followed in this research were sufficient to reach full carbonation
of the cement specimens.

Among the results presented in this research, the Young modulus was measured for each
group using micro-indentation tests. The highest stiffness corresponds to the carbonated
specimens and the lowest to leached specimens. Leached carbonated specimens showed a
nearly 50% reduction in the Young modulus compared to the sound specimens.

In the research of Yurtdas et al. [130], a comprehensive study of the mechanical be-
haviour of oil-well cement pastes is performed. The cement paste considered is a traditional
class G cement paste with a w/c ratio of 0.44. It was cured at 90 °C for one month, after
which the cylindrical specimens were divided into two groups. Each group was kept in
different fluids at 90 °C before being tested. One group of specimens was kept in a neutral
fluid, while the other was subjected to chemical degradation by exposure to ammonium
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nitrate.

The authors assessed the drained bulk modulus and highlighted a difference between the
sound and degraded specimens. The bulk modulus of degraded specimens resulted lower
than that of sound specimens. Moreover, damage appeared in degraded specimens for
confining pressures greater than 3 MPa. The authors state that the chemical degradation
induces this elastoplastic behaviour of the material.

According to the research of Takla et al. [129], the solely carbonated specimens yield a
higher stiffness than the sound specimens. However, both researches of Takla et al. and
Yurtdas et al. [129, 130] agreed that leached/chemically degraded specimens have a lower
stiffness.

Based on the findings displayed in Figures 5.4.2 and 5.4.3, it appears that cement
pastes tested in the present research not only present some extent of carbonation due to
the scCO4 exposure, but also a chemical degradation. In this regard, carbonation is known
for producing a similar effect to that of ammonium nitrate, as described in the studies
by Takla et al. and Yurtdas et al. [129, 130]. The exposure to ammonium nitrate leads
to the dissolution of Ca(OH)s, which results in a decrease in pH, and the dissolution of
CSH [131, 132]. Unlike carbonation, where the precipitation of CaCOg crystals occurs, the
resulting mineral from ammonium nitrate exposure, calcium nitrate, remains dissolved due
to its high solubility, preventing its crystallization [132].

The mechanical damage observed in HGMS cement pastes primarily results from the
rupture of the HGMS. This aspect was discussed in Section 5.3, where a reduction in
stiffness of the cement pastes with HGMS was attributed to the rupture of these inclusions.
Additionally, Chapter 4 highlighted that HGMS break due to the pressure experienced
during exposure to scCOs. The chemical degradation associated with carbonation also
plays a significant role. As shown in Figures 5.4.2 and 5.4.3, there is a notable decrease in
stiffness due to the carbonation of the cement pastes. Furthermore, the results obtained
may be influenced by the heterogeneities introduced by the incomplete carbonation of the
specimens that were carbonated for 60 days.

For CS0044C00, and as already stated in Chapter 4, chemical damage appears to be
the primary factor to affect the porosity and pore structure of the cement paste, resulting
in stiffness reduction. However, the damage mechanisms observed in CS2744C00 and
(CS4144C00 are more intricate. In accordance with the MIP results, exerting 20 MPa
of fluid pressure on the specimens was enough to cause the rupture of the HGMS. This
mechanical damage exacerbated the effects of exposure to scCO; by significantly altering
the pore structure, resulting in increased interconnected porosity. As a result, the cement
matrix, initially enhanced by the presence of HGMS due to its pozzolanic activity and filler
effect (cf. Chapter 3), is heavily affected by the increase in interconnected porosity due
to HGMS rupture, resulting in more severe consequences than anticipated during scCOq
exposure, as discussed in Chapter 4.

The analysis will now focus on the stress-strain curves, namely the results of shear
stress (¢) in relation to shear strain (es). Figure 5.4.4 shows these curves for specimens non-
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carbonated and carbonated for 60 days, on which drained triaxial compression tests were
performed, with an effective confining pressure of 30 MPa for CS0044C60 and CS4144C60,
and of 15 MPa for CS2744C60 and CS4144C60.
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Figure 5.4.4: Deviatoric stress vs. deviatoric strain obtained from drained triaxial tests
with 15 MPa and 30 MPa of effective confining pressure and 5 MPa of pore pressure.
Cement pastes with a w/s ratio 0.44 and partial cement replacement with HGMS before
and after 60 days of carbonation.

After carbonation, the trend in stiffness remained consistent with observations prior to
the exposure of specimens to scCO2. However, the stiffness of CS4144C60 and CS2744C60
became almost identical. This indicates that CS4144C60 was more degraded than
(CS2744C60. This observation aligns with the results shown in Figure 5.3.4. Specifically,
for confining pressures greater than 15/20 MPa, which are similar to those experienced in
the carbonation cell, the cement paste CS4144C00 exhibited greater damage compared to
(CS2744C00. This suggests that the specimens may have sustained mechanical damage due
to the pressure applied in the carbonation cell prior to carbonation and subsequent testing
in the triaxial cell. Therefore, the observed differences in damage levels can be attributed
to the initial conditions experienced by each specimen before the carbonation process.

Overall, all the cement pastes demonstrated increased ductility after the scCOo ex-
posure, indicative of damage. All pastes reached the change in slope from the elastic
behaviour to the damaged zone at lower stress levels compared to non-carbonated ones.

Triaxial drained compression tests were performed on carbonated cement specimens to
obtain the of at different o4. By also considering the results obtained from UCS tests,
Figure 5.4.5 shows the relationship between o} at different o%, obtained from UCS and
30 MPa o4 results for CS0044C60; UCS and 15 MPa o4 results for CS2744C60; and UCS,
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15 MPa, and 30 MPa o} results for CS4144C60.
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Figure 5.4.5: ¢} vs. o4 obtained from drained triaxial tests with 15 MPa and 30 MPa of
effective confining pressure and 5 MPa of pore pressure. Cement pastes with a w/s ratio
0.44 and partial cement replacement with HGMS before and after 60 days of carbonation

Based on these results, a notable shift in the behaviour of all cement pastes is evident
after exposure to scCOs. A lower ¢, is observed with low p’ in carbonated cement
pastes. Furthermore, within the effective pressure range explored in this study — relevant
to realistic conditions encountered in CO9 storage wells — it appears that ¢pq, increases
more significantly with rising p’ in cement pastes exposed to scCOy compared to those
not exposed. This suggests a more frictional behaviour in the carbonated pastes, which
can be attributed to the microstructural changes induced by carbonation. As discussed
in Chapter 4, the SEM images illustrate a reduced presence of the cement matrix and an
abundance of precipitated CaCOs crystals, likely contributing to the increased frictional
behaviour observed in the samples carbonated for 60 days.

Takla et al. [129] performed triaxial compression tests on sound, carbonated, leached,
and carbonated leached specimens. The strength of each group of cement specimens was
obtained at four confining pressures 0 MPa, 3 MPa, 10 MPa, and 20 MPa. It is interesting
to note that the carbonated cement paste yielded the highest strength at every confin-
ing pressure. This cement paste presented the highest cohesion and frictional behaviour.
Furthermore, the leached cement paste resulted the one with the lowest strength for each
confining pressure used. Then, intermediate results were obtained for groups of sound
specimens and leached carbonated specimens. The compressive strength for these last two
groups was roughly the same regardless of the confining pressure.

In their work, Takla et al. [133] also focuses on the changes that oil-well cement pastes
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undergo when subjected to scCO2 conditions. In this case, they used a traditional class
G cement paste with a w/c ratio of 0.44 with defoamer and dispersant additives. It is
worth noting that the curing of the specimens was performed at 90 °C for 72 hours. The
carbonation exposure in that research consisted in introducing the specimens in a chamber
with temperature and humidity control. The temperature was set at 90 °C, while the
relative humidity was kept at 65%. In these conditions, a flow of 100 cm?/min of COy was
injected to achieve the complete carbonation of the specimens after 28 days.

Specimens with different carbonation degrees were subjected to triaxial compression
tests, with confining pressures ranging from 0 MPa to 20 MPa. Moreover, these tests
were performed at a controlled temperature of 90 °C. The authors observed, regardless of
the confining pressure, an increase in the compressive strength with increasing depths of
carbonation of the cement specimens. The fully carbonated specimens presented both a
higher strength at 0 MPa confining pressure, indicating an increase in cohesion. Moreover,
the increase in the compressive strength with the confining pressure is greater in carbonated
specimens than in sound specimens, indicating larger frictional properties.

Furthermore, Yurtdas et al. [130] performed triaxial compression tests at 3, 10, and
20 MPa of confining pressure on sound and leached specimens. For every confining pres-
sure, a decrease in the compressive strength was noticed for degraded specimens when
compared to sound specimens. Moreover, the authors reported that the increase in the
compressive strength with the confining pressure is more important for sound specimens
than for degraded ones, indicating that the former present a more frictional behaviour than
the latter. In the research of Heukamp et al. [134], similar results were obtained. How-
ever, the research of Xie et al. [135] reported a decrease in the cohesive behaviour and an
increase in the frictional behaviour from degraded specimens to sound ones. These differ-
ences could be related to the different curing and exposure conditions, since both Yurtdas
et al. and Heukamp et al. subjected the cement pastes to a curing procedure and chemical
degradation at 90 °C while Xie et al. considered a temperature of 20 °C. It is noteworthy
that the degradation rate is significantly amplified at higher temperatures [136, 137] and
that the porosity also increases with the curing temperature [138]. This results in a greater
advancement of degradation due to the elevated temperature.

The triaxial compression tests conducted on cement pastes before and after different
types of chemical degradation, as previously reported, revealed notable variations in the
results. While some studies informed an increase in strength for carbonated specimens,
attributed to enhanced cohesion and frictional behaviour, others indicated a general de-
terioration in cement paste strength after chemical damage. Additionally, intermediate
behaviours were also reported.

Considering the results of Takla et al., Yurtdas et al., Heukamp et al. and Xie et
al. mentioned above, the results of this work, shown in Figure 5.4.5, can provide more
information. The cement pastes show less o] at low ¢4 and more frictional behaviour after
carbonation, due to the specific type of exposure adopted in this research. The carbonation
of Ca(OH)2 and CSH and the consequent precipitation of CaCOj3 crystals leads, according
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to the references, to an increase in all mechanical parameters. However, the prolonged
exposure to scCO9y conditions in this work appeared to result in the dissolution of CaCOg
crystals, contributing to the degradation of the cement matrix and a subsequent decrease
in the stiffness and UCS of the pastes. Yet, SEM images presented in Chapter 4 reveal a
microstructure with a reduced presence of the cement matrix and a considerable amount
of precipitated CaCOg crystals. Moreover, the rupture of HGMS during carbonation adds
complexity to the interpretation of the mechanical degradation, potentially causing more
significant changes than carbonation alone might induce.

5.5 Conclusion

The investigation into the mechanical properties of cement pastes revealed significant in-
sights into the influence of the w/s ratio, cement replacement by HGMS, and supercritical
carbonation.

The chapter leads to the following conclusions:

¢ A reduction in the dynamic elastic properties and in the UCS results from increasing
the w/s ratio. This is related to the increase in porosity.

e The inner porosity of HGMS significantly affects the mechanical properties and car-
bonation progression of cement pastes, primarily due to their rupture at elevated
pressures. This failure influences the mechanical properties and the degradation
mechanisms of the cement pastes.

e The dynamic elastic properties and the UCS of cement pastes with HGMS27 are the
lowest for both w/s ratios, due to the low strength and high volume fraction of this
class of HGMS in cement pastes.

e The mechanical performance of the cement pastes is significantly influenced by the
relative stiffness and strength of the HGMS in comparison to the cement matrix.
CS0060C00 and CS4160C00 show almost the same dynamic elastic properties and
UCS because of the similarity between stiffness and strength of HGMS41 and cement
paste with a w/s ratio of 0.60.

e Drained isotropic compression tests show that damage occurs in cement pastes with
HGMS27 and HGMS41 for pressures higher than 10 MPa.

o Every cement paste presents signs of damage during the deviatoric tests. CS2744C00
shows more damage in the deviatoric test at 30 MPa confining pressure than at
15 MPa. This leads to the specimen achieving higher strength and stiffness at 15 MPa
compared to 30 MPa.
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e The use of HGMS leads to a more ductile material, showing a behaviour similar to
that of high porosity cement pastes.

e After exposure to scCOs, the dynamic Young moduli and UCS of all cement pastes
experience a decline. In HGMS cement pastes, this reduction is influenced by the
rupture of HGMS during carbonation, which results in both mechanical damage
and an accelerated carbonation process compared to plain cement pastes. For each
w /s ratio, the most affected are the cement pastes with HGMS27, followed by those
with HGMS41, with the least impact observed in the cement pastes without HGMS.

e The mechanical properties determined experimentally indicate a strong advance of
the carbonation. For cement pastes with HGMS, the greater extent of the carbonation
due to the rupture of the HGMS leads to a further degradation of the mechanical
properties.

o Carbonated cement pastes present a further increase in shear strength for increasing
confining pressures than non-carbonated ones. This is indicative of a more frictional
behaviour in carbonated than in non-carbonated cement pastes. This can be at-
tributed to the microstructural changes observed in Chapter 4, where SEM images
revealed a microstructure with reduced cement matrix presence and a significant
amount of CaCOg crystals precipitated during the carbonation process.
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Part 11

Modelling
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Introduction to Part 11

This second part of the thesis focuses on the numerical modelling of the behaviour of
cement pastes, both with and without HGMS, under conditions representative of COq
geological storage wells. A coupled chemo-poromechanical model is used to account for
cement carbonation using the finite element method. The model is calibrated using lab-
oratory experimental data, allowing it to accurately represent the performance of cement
pastes under real well conditions.

The aim of this modelling is to improve our understanding of how these cement pastes
behave in the environments encountered in COgq storage facilities. By integrating chemical
and mechanical interactions, this approach facilitates the extrapolation of laboratory results
to predict the durability and integrity of cement in COs injection well applications.
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Chapter 6

Homogenisation of the elastic
parameters

6.1 Introduction

The mechanical integrity of cement pastes used in COgy storage wells plays a critical role
in ensuring fluid containment and overall well durability. In particular, lightweight cement
pastes with HGMS are being investigated for their ability to modify the density of cement
pastes while maintaining adequate mechanical properties compared to other traditional
solutions (cf. Chapter 1). However, the use of HGMS in cement pastes does result in
changes in their mechanical behaviour (cf. Chapter 5). While the compressive strength of
these pastes is often studied, the elastic parameters are equally important as they govern
the interaction between the cement sheath, the surrounding rock formation and the casing.
Lower elastic moduli can reduce stresses in the cement sheath during thermal or mechanical
loading, thereby reducing the risk of failure or plastic strains [139, 140, 141].

In the experimental part of this work (cf. Part I), the mechanical behaviour of HGMS
cement pastes was characterised, including their elastic properties. To complement and
extend these measurements, this chapter presents an analytical micromechanical model
designed to estimate the elastic parameters of HGMS lightweight cement pastes. The
proposed model is based on established micromechanical modelling approaches, as those
developed by Hervé and Zaoui [112] for perfect interfaces and Ghabezloo [143] for imper-
fect interfaces. These frameworks allow the prediction of the elastic properties of HGMS
cement pastes using available inputs such as the elastic properties of the cement matrix,
the dimensions of the HGMS, and the volume fraction of HGMS.

Micromechanical modelling has previously been successfully applied to cementitious
materials for the evaluation of macroscale properties and the study of hydration progress,
w /s ratio and the influence of additives [144, 145, 146, 147, 148, 149]. Using this approach,
the model presented here provides a relatively simple yet accurate method for estimating
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the mechanical response of HGMS cement pastes.

This micromechanical model is initially validated and verified with experimental data
and will subsequently be implemented in the finite element model used in Chapter 7. This
integration allows for the simulation of the mechanical behaviour of HGMS cement pastes
under well conditions, providing a comprehensive understanding of their performance in
real-world applications.

6.2 Basic considerations and choice of REV

The development of the micromechanical model for HGMS cement pastes requires first the
definition of an adequate REV to represent the microstructure of the material. Based on the
SEM images, the considered REV for the HGMS cement paste is presented schematically
in Figure 6.2.1. It consists of HGMS inclusions embedded in a cement paste matrix. The
relative simplicity of the chosen REV is of great practical importance in what concerns the
number of model parameters and the facility and accessibility of their experimental evalua-
tion. The cement matrix mechanical parameters can be measured on a hardened specimen
of a paste prepared with the same composition, without HGMS. The HGMS dimensions,
composition, and mechanical parameters are usually provided by the manufacturer or can
be obtained as shown in Chapter 2 for dimensions and composition, and in Appendix A
for strength. The information related to the volume fraction of the phases can be easily
calculated from the slurry formulation.
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Figure 6.2.1: Top: Schematic representation of the REV of the lightweight cement paste
based on HGMS, Bottom: multi-layer spherical geometry used for evaluation of the strain
localization coefficients

It has been shown in Chapter 3 that there is a chemical interaction between HGMS
and cement matrix. HGMS are acting as nucleation agents, which implies that cement
hydration products are forming on their surface. Furthermore, HGMS present pozzolanic
activity, which make them react with the Ca(OH)y formed during cement hydration to
form further CSH. For these reasons, considering a perfect interface between the HGMS
and cement matrix does not seem to be a strong assumption for the precision needed for
most practical applications. This being said, the effect of imperfect interfaces between
HGMS and cement matrix will also be presented and briefly studied in the paper.
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Figure 6.2.2: SEM image of HGMS cement paste after 100 days of curing time

Another point that should be mentioned in relation to the pozzolanic activity of HGMS
is that it will consume the glass outer shell to some extent, decreasing its thickness and
affecting the chemical composition, microstructure and, eventually, the mechanical param-
eters of the cement matrix in the vicinity of the HGMS. It should be noted that, in general
terms, the degree of pozzolanic reaction is not 100% but rather less than 50% for most
cases [150, 151]. This results in the pozzolanic additions not being completely consumed
by this reaction, a matter that can be verified in Figure 6.2.2, where the presence of HGMS
in the cement pastes tested in this work can still be appreciated. To adequately take into
account the influence of pozzolanic reactions in the micromechanical model it is necessary
to obtain precise information on the zone influenced by the pozzolanic reactions, includ-
ing the kinetics of the reaction and its effect on the HGMS thickness, the area of the
influence zone in the cement matrix and resulting changes in mechanical properties. The
mechanical properties of the influenced zone may be evaluated by experimental methods
like nanoindentation. It is then possible to adapt the REV to take into account the modi-
fications resulted from pozzolanic reactions in the model. This is however out of the scope
of this work, and both the HGMS and the cement matrix are assumed to keep their initial
dimensions and properties.

The evaluation of the homogenised elastic parameters from Equation 6.2.1 needs the
knowledge of the volume fraction of different microstructure phases of the REV. The volume
fraction of HGMS in the paste, fggars, can be evaluated by knowing the HGMS mass per
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unit volume of the paste and the HGMS density. The necessary volume fraction of the
three microstructure phases of the REV (void, glass, and cement matrix), can then be
evaluated by knowing the HGMS internal and external radii.

KM =N"fiki A} G™™ =" frgp A} (6.2.1)
=1 k=1
T1 3 71 3
fi= () faams 5 fa= [1— () ]fHGMS i fs=1—=fi—fo=1- fucums
T2 T2
(6.2.2)

The density of the lightweight cement paste can be evaluated as:

P Y A
g_1 faems [1 o <1 (ﬁ) )] (6.2.3)

where po and p3 are respectively the glass and cement matrix densities.

6.3 Strain localization coefficients

Due to the particular geometry of the inclusions, i.e. HGMS, the strain localization coef-
ficients can not be evaluated based on the classical Eshelby’s solution [152]. Instead, the
multi-layer spheres solution developed by Hervé and Zaoui [112] is adapted based on the
three layer geometry shown in the bottom part of Figure 6.2.1. This solution is based
on the assumption of the linear elastic behaviour of the cement matrix and the glass ma-
terial, as well as the existence of a perfect contact between the HGMS and the cement
matrix. The presence of an imperfect interface between the cement matrix and HGMS
inclusions will be taken into account based on an extension of Hervé and Zaoui [142] model
by Ghabezloo [143].

A detailed mathematical development of the strain localization coefficients is given in
the appendix of the paper. The essential final equations for a numerical application of
the model are presented below, in a way that the strain localization coefficients can be
calculated without referring to the appendix. The presentation is done first by assuming
perfect interfaces between HGMS and cement matrix. An extension is then presented to
take into account the influence of imperfect interfaces.

6.4 Perfect interface between HGMS and cement matrix

The coefficients A}, and Ag to be used in Equation 6.2.1 are given by the following expres-
sions:
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2 k=1 JuHy >k frH}
The coefficients H} and H, ;j can be evaluated by knowing the geometrical properties of
the REV, mainly the radii r; and ry (cf. Figure 6.2.1), and the elastic properties of glass
and cement matrix, respectively referred to by superscripts 2 and 3 (e.g. k2 is the bulk
modulus of glass and g3 is the shear modulus of the matrix). The coefficients H} are given
by the following expressions:

(6.4.1)

v (492 + 3k2) (493 + 3ks)
Ay =—1"3 (6.4.2)
12 (m) k2 (93 — g2) + 492 (493 + 3ks)

492
) = —""— _H/ 6.4.3

HY =1 (6.4.4)

It is interesting to note that the H; parameters, and consequently the homogenised
bulk modulus evaluated from Equation 6.2.1, depend only on the ratio ro/r; of the HGMS
and are independent of the actual values of 7 and 7. For obtaining the expressions of HZ,
it is necessary to calculate the P(®) matrix, which is a 4 x 4 matrix given by:

P® = L3 (r2) Lo (r2) Ly ' (r1) Ly (1) (6.4.5)
where the matrices Ly, (r) are given by:
i 6 5 3 5—duy 1
ro - r — =
1— 2 rd 1— 2y, r?
T— 1y P 9
ro - r ——
1— 2y r4 r2
k 1— 2, k 5ok 1— 2y, r3
T4 2y 2 8 2(1 + v) gr
L 9k 1-— 21/kgk 7”5“% 1—2u, 73 |

Note that the superscript (2) in P(®) is not a power. In accordance with the notations
of Hervé and Zaoui [112], it is used to attribute the matrix to the phase 2. The mathe-
matical expressions obtained by calculating each of the components of the P(2) matrix are
considerably long. Since they are obtained from a multiplication of matrices, the equations

of the H{ can be expressed in terms of the components of matrix P(?), Pl(f), P1(22)7 2(3),

Pg), as presented below. It should be noted that these components do not all have the

same physical unit. Pl(%) and PQ(S) have no unit, while Pg) has unit L? and PQ(? has unit
L.
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(6.4.8)
H{=1 (6.4.9)

In the above equations, 1 and ro are respectively the internal and external radii of
HGMS. kg, gr and v stand respectively for bulk modulus, shear modulus and Poisson’s
ratio of the k phase (with void space, silicate glass and cement matrix indexed from 1 to
3, respectively). Note that the elastic parameters of the phase 1 (void space) should be
considered equal to zero.

Considering the complexity of the equations of H ,‘j parameters, one can numerically
verify that, similarly to what was mentioned above for H; parameters, these coefficients
and consequently the homogenised shear modulus evaluated using Equation 6.2.1 are in-
dependent of the numerical values of r; and ry and depend only on the ratio ro/r;. It can
also be verified that by considering similar elastic parameters for phases 2 and 3, the above
equations are reduced to the ones given by classical Eshelby solution for a simple porous
medium.

It should be noted that considering the phase number 3 as the cement matrix cor-
responds to the Mori-Tanaka homogenisation scheme. A different choice could be the
self-consistent scheme in which the reference medium is the homogenised medium. In this
latter case, the elastic parameters of the matrix are not known in advance. Consequently,
iterative calculations should be used to evaluate the homogenised elastic parameters. Con-
sidering the microstructure of the HGMS lightweight cement, Mori-Tanaka scheme seems to
be more appropriate. However, comparison tests were performed between the two methods
for a variety of parameters. For usual volume fractions of HGMS, the results of these two
methods are extremely close together. Therefore, in the following, Mori-Tanaka scheme is
used for the calculations since it has the advantage of being easier to apply, in accordance
with the main objective of obtaining an easy to apply model for estimating the elastic
properties of lightweight cement pastes based on HGMS.

6.5 Imperfect interface between HGMS and cement matrix

The above mathematical framework can be extended to take into account the presence of
an imperfect interface between the HGMS and the cement matrix. The imperfect interface,
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characterized by its compliances, results in displacement jumps across the interface. The
micromechanical models with imperfect interface has been previously developed and used
in the literature [153, 154, 155, 156, 157]. Ghabezloo [143] presented an extension of the
micromechanical model of Hervé and Zaoui [142] to take into account imperfect interfaces
between phases. This model is used in the following.

The displacement jump at the interface is assumed to be proportional to the traction
vector, o;jn; which is continuous across the interface. The following general equation is
postulated for the displacement jump across the interface [154, 158, 159]:

Aui = NijO5ENE (651)

where 7;; is a second-order tensor representing the compliances of the interface. 7;; = 0
corresponds to a perfectly bounded interface. A simple form of 7;; with one tangential and
one normal compliance, ' and n" respectively, can be given as [154, 158, 159]:

mij = 'y + (0" = ') man, (6.5.2)
In the presence of imperfect interfaces, the strain localization coefficients of each phase
AY and A¢ can be written as [143]:

H”U
Ap = — k (6.5.3)
kzl fe (14 3X\g) HY
Hy;

Af

> i (1 + 26, 242 g

The following dimensionless parameters have been introduced to simplify the presenta-
tion of the equations:

kinj i} M
Tk Tk Ui
The coefficient H7 is given by the following expression:

4 3ks) (4 3k

- 3
12 (™) halga (1~ 462t02) ~ 92 + 492 [dgn (1-+ 3)0) + 3k

The coefficients Hj and can be evaluated as a function of H} using Equation 6.4.3
and H3 = 1, same as Equation 6.4.4. One can easily verify that for a perfect bounding
between the HGMS and cement matrix, i.e. Ay = & = 0, Equation 6.5.6 is reduced to
Equation 6.4.2. To evaluate H% coefficients, the matrix P2 can be evaluated as follows:

CHAPTER 6. HOMOGENISATION OF THE ELASTIC PARAMETERS 136



P® =L;" (rp) [Ly (rg) + L (r2)] Ly ' (r1) L (r1) (6.5.7)

where the matrix L}, (r) is given by:

3vg 12 2(vp,—5) 1
n 2, n _ —“ n . n
9k 1— 20, gy, 5 9k 1( o, | 3 kM
7+ 2uy 8 2, +1) 1
L)y = | grnk 1— 20, ger*nl, Tjgkn}; T%ﬁgkni (6.5.8)
0 0 0 0
| 0 0 0 0 |

The matrices Ly, (r) are given by Equation 6.4.6. The coefficients H, H{ and H{ are
then evaluated using Equations 6.4.7, 6.4.8 and 6.4.9 respectively.

6.6 Sensitivity analysis

To understand the model parameters and their influence on the evaluated elastic param-
eters, a sensitivity analysis is undertaken. For this purpose, it is useful to recall Equa-
tion 6.2.1 showing that the homogenised elastic parameters will depend on the volume
fraction of each phase, fi, the elastic properties of each phase, kx and g, and the localiza-
tion coefficients, A7 and Az, which play the role of some weighting factors. As shown in
Equations 6.4.2 to 6.4.9, these parameters depend on the elastic properties of each phase
and on the radii ratio ro/r1. It is obvious that using a cement matrix with higher elastic
parameters results directly in a cement paste with higher parameters. This is the same for
the HGMS material, an increase in its elastic parameters is directly reflected on the elastic
parameters of the paste, though with a less important effect as compared to cement paste
due to its lower volume fraction.

It is interesting to see the effect of the ratio ro/r; and HGMS volume fraction on
the homogenised elastic parameters of the HGMS lightweight cement paste while keeping
constant the other parameters. The Young’s modulus and the Poisson’s ratio of the silica
glass and the cement matrix are given the values of Fo = 64 GPa, v, = 0.2, E3 = 24.1 GPa
and v3 = 0.24 (cf. Chapter 5, Table 5.2.1). The needed values of bulk and shear moduli
can be evaluated using K = E/[3(1 — 2v)] and G = E/[2(1 4+ v)]. A perfect interface is
assumed between the cement matrix and HGMS. The results of sensitivity analysis are
presented as contour graphs in Figure 6.6.3 for the bulk modulus and in Figure 6.6.4 for
the shear modulus for different values of frgars and ro/ry ratio. The homogenised elastic
parameters are normalized with respect to the elastic parameters of the cement matrix.
The normalized cement paste density corresponding to each case can be evaluated using
Equation 6.2.3.
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Figure 6.6.1: SEM image of HGMS

_/ 5pm :
Figure 6.6.2: SEM image of broken HGMS

One can see in Figures 6.6.3 and 6.6.4 that the results are in agreement with expec-
tations. For constant HGMS volume fraction, both bulk and shear moduli increase with
increasing ro/ry ratio, which implies increasing the glass (phase 2) to void (phase 1) pro-
portion in the composite medium. If the volume fraction of glass increases and the void
volume fraction decreases, greater amounts of stiff material will increase the stiffness of
the composite material. Therefore, using thicker HGMS results in higher Young moduli,
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but also, in higher density of the cement paste, which is less desirable. At constant HGMS
dimensions, higher HGMS volume fraction results in a lighter cement paste, but also in
lower elastic parameters. From Figures 6.6.1 and 6.6.2, it is clear that HGMS’s void volume
fraction is much larger than the borosilicate glass volume fraction. Increasing the HGMS
volume fraction implies increasing the void space, which decreases the homogenised elastic
parameters.
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Figure 6.6.3: Effect of HGMS volume fraction and the radii ratio ro/r; of HGMS on
the homogenised bulk modulus (perfect interface is assumed between HGMS and cement
matrix)

It is also interesting to see how the existence of an imperfect interface between the
cement matrix and HGMS can influence the evaluated Young moduli. For this analysis,
the internal and external radii of the HGMS are fixed respectively equal to r{ = 18 pm and
ro = 20 pm. HGMS volume fraction is taken equal to 0.24. The homogenised bulk and shear
moduli are evaluated for a wide range of interface normal and tangential compliances. The
homogenised bulk modulus depends only on the normal compliance and is independent
of the tangential compliance. Its variations with the normal compliance are plotted in
Figure 6.6.5. The evaluated bulk moduli are normalized with respect to the matrix bulk
modulus. 7™ = 0 corresponds to a perfect interface. The results show that the bulk
modulus decreases by increasing the interface compliance, but tends towards an asymptotic
value. Generally, it seems that the presence of an imperfect interface between HGMS and
cement matrix has a limited influence on the bulk modulus. For the parameters used in
the sensitivity analysis, the ratio K™ /K3 is reduced from 0.736 for the perfect interface
to 0.696 for a highly compliant interface.

The influence of interface normal and tangential compliances on the homogenised shear
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Figure 6.6.4: Effect of HGMS volume fraction and the radii ratio ro/r1 of HGMS on
the homogenised shear modulus (perfect interface is assumed between HGMS and cement
matrix)

modulus is presented in Figure 6.6.6 in the form of a contour plot. One can see a complex
interaction between the effects of normal and tangential compliances on the homogenised
shear modulus. An important difference between the two compliances, e.g. big ™ and
small n* or inverse, results in lower shear modulus. In the particular case of n" = n' an
asymptotic influence can be observed. For the parameters used in the sensitivity analysis,
the ratio GP*™ /G35 is reduced from 0.76 for the perfect interface to an 0.54 for a highly
compliant interface.
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Figure 6.6.5: Effect of interface normal compliance on the homogenised bulk modulus
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Figure 6.6.6: Effect of interface normal and tangential compliances on the homogenised
shear modulus

CHAPTER 6. HOMOGENISATION OF THE ELASTIC PARAMETERS 141



6.7 Model predictions considering perfect interface

For applying this homogenisation model to cement pastes with HGMS, it was considered
that their matrix was composed of cement paste with the same elastic properties as those
of CS0044C00 and CS0060C00 for each w/s ratio. In addition, Table 6.7.1 shows all
the necessary parameters for different cement pastes. The HGMS volume fractions are
evaluated from the pastes’ composition, specified in Table 2.2.1 and the density of each
component. The volume fractions of phases are then evaluated using Equation 6.2.2. The
outer radius ro is given as the D5y of the HGMS, while the inner radius r; is determined
by knowing the density of the HGMS (pugms = 0.28 g/cm?) and the borosilicate glass
(p2 = 2.23 g/cm?) using the following equation:
1/3
- ”HGMS} / (6.7.1)
P2
Finally, the properties of the borosilicate glass forming the outer shell are obtained
from the literature [160, 161]. It should be emphasized that no parameter calibration or
fitting is done.

L =T |:1

Table 6.7.1: Model parameters for different cement pastes

Parameter ‘ CS2744C00  CS4144C00 CS2760C00  CS4160C00

ry (um) 14.344 18.518 14.344 18.518
ry (jm) 15.000 20.000 15.000 20.000
frams 0.329 0.230 0.287 0.197
h 0.288 0.183 0.251 0.156
fa 0.041 0.047 0.036 0.041
f3 0.671 0.770 0.713 0.803
E, (GPa) 64.0 64.0 64.0 64.0
E5 (GPa) 24.1 24.1 16.3 16.3
Vo 0.20 0.20 0.20 0.20
Vs 0.24 0.24 0.27 0.27

A perfect interface is first assumed between the HGMS and the cement matrix. Fig-
ures 6.7.1 and 6.7.2 present comparisons between the evaluated and experimentally mea-
sured bulk and shear moduli for different cement pastes. It can be appreciated that the
model predictions assuming the perfect interface, needless of any calibration, are in quite
good agreement with those of laboratory tests, with differences lower than 15%. The
biggest difference between the model prediction and experimental results is related to ce-
ment paste CS2760C00, which is the lightest paste among all that were studied, given the
higher w/s ratio and the lower specific weight of HGMS27 as compared to HGMS41. It
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is interesting to notice that the model predictions for all the studied pastes are slightly
higher than the laboratory results.
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Figure 6.7.1: Comparison between experimentally evaluated bulk moduli of different spec-
imens and model predictions considering perfect and imperfect interfaces
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Figure 6.7.2: Comparison between experimentally evaluated shear moduli of different spec-
imens and model predictions considering perfect and imperfect interfaces

6.8 Effect of interface

The difference between the model predictions and the experimental results, which is less
than 15% for the studied specimens, is probably negligible for most practical applica-
tions. This difference can be due to simultaneous effects of various factors and sim-
plifications assumptions related to the homogenisation method, the configuration of the
REV, and the perfect interface between HGMS and cement matrix. Considering the over-
estimation of the elastic parameters compared to the measured values, as can be seen in
Figures 6.7.1 and 6.7.2, it is interesting to see if the model predictions can be improved
by considering an imperfect interface between the HGMS and the cement matrix. The in-
terface parameters can be fitted to minimize the error between the model predictions and
experimental results. The studied specimens have different w/s ratios and different HGMS
dimensions. Consequently, the interfaces in these specimens are not necessarily similar.
However, for the sake of simplicity, it is assumed that the interfaces in all specimens have
the same normal and tangential compliances.

The fitting of interface parameters is done by evaluating the error, defined in Equa-
tion 6.8.1, between the model predictions and experimental results by varying the interface
parameters, ” and 7n?, in a large span.

4 hom exp\ 2 hom exp \ 2
Jchom _ p¢ Ghom __ (€
EI‘I‘OI‘ = Z (Z‘Kvexpl> + <Zc;expl> (681)
7 7

i=1

The results are presented in the contour plot of Figure 6.8.1. The minimum error is
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Figure 6.8.1: Fitting of the interface parameters. Contour plot of error for different values
of normal and tangential compliances

found equal to 7.66 x 1073 for the interface parameters n™ = 1.215 ym/GPa and n' = 2.527
nm/GPa. The fact that for the fitted values ™ < 7' is compatible with the available
information in the literature [158, 162, 163]. It is interesting to mention that the evaluated
error for the case of perfect interfaces is 115 x 1073,

Figures 6.7.1 and 6.7.2 present the model predictions for the fitted interface parameters.
Obviously, the predictions are much closer to the experimental values, with very small
differences in bulk modulus and almost perfect predictions for shear modulus.

6.9 Conclusion

The micromechanical model presented in this chapter aims to predict the elastic properties
of lightweight cement pastes containing HGMS. The model provides a simplified yet effec-
tive tool, allowing for the estimation of mechanical parameters with minimal input data,
including the elastic properties of the cement matrix and the HGMS themselves. While
the model makes certain simplifying assumptions, its results show good agreement with
experimental data, making it suitable for practical applications in the design of cement
paste formulations for COy storage wells.

e An analytical model based on homogenisation theory has been developed to predict
the elastic properties of HGMS cement pastes. The model requires knowledge of the
elastic properties of the cement matrix, as well as the volume fraction of HGMS, their
dimensions, and elastic properties.
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e Despite evidence of interaction between the HGMS and the cement matrix, the model
assumes that the effects of this interaction, including pozzolanic activity and filler
effects, are negligible for calculating elastic moduli. While this simplification is rea-
sonable for most practical applications, it remains a limitation of the model.

o Although the assumption of scale separation between the cement matrix and the
HGMS is not strictly accurate, it appears to have minimal impact on the predictions
for hardened cement pastes with a low volume fraction of clinker grains (assuming
complete hydration). However, it is important to note that a more robust model could
involve a multiscale approach, accounting for the interaction between the HGMS
and the clinker grains, as well as changes in the matrix microstructure due to the
pozzolanic activity of the HGMS.

o The sensitivity analysis revealed that the model’s results are particularly dependent
on changes in the ratio of the external to internal radii of the HGMS and on the
properties of the cement matrix. The presence of an imperfect interface between the
HGMS and the cement matrix has a limited effect on the predicted bulk modulus,
but depending on the interface parameters, can have a more significant effect on the
predicted shear modulus.

¢ The model’s predictions were compared with experimental data obtained in Chap-
ter 5, showing a strong correlation. Without any parameter calibration for the case
of a perfect interface, the model’s predictions, with a discrepancy of less than 15%
from experimental values, are suitable for most practical applications. Calibrating a
single pair of interface parameters (normal and tangential compliances) for all tested
pastes significantly improved the model’s predictions.

o This model serves as a valuable tool for engineers designing lightweight cement
paste formulations incorporating HGMS. It provides a relatively simple and accurate
method for estimating elastic properties using readily available parameters, making
it suitable for a range of practical applications in the field of well cementing.

e The micromechanical model developed in this chapter will serve as the foundation
for the chemo-poromechanical model that will be implemented in Chapter 7. This
subsequent model will incorporate the effects of chemical reactions, such as carbon-
ation and pozzolanic activity, alongside mechanical deformation and pore structure
evolution. The initial validation and verification of the micromechanical model pre-
sented here provide a solid basis for the more complex finite element model to be
introduced in the next chapter.
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Chapter 7

Chemo-poromechanical model

7.1 Introduction

This chapter presents the numerical modelling of class G cement pastes containing HGMS
under scCOq injection well conditions. Building upon the experimental results discussed
in Part I, the main objective is to predict the mechanical and chemical behaviour of these
cement pastes, using a refined poromechanical model. The simulations in this chapter serve
as a means to apply the knowledge gained on the chemical interaction, microstructure, and
mechanical properties of the materials, allowing for the assessment of their behaviour in
realistic well conditions.

The original model, developed to simulate the progression of carbonation in cement
pastes in scCO9 environments, relies on fundamental balance equations of mass and mo-
mentum conservation in porous media. However, to account for the distinct behaviour
introduced by the presence of HGMS, modifications have been made. The analytical ho-
mogenisation model for elastic properties, discussed in Chapter 6, has been incorporated to
enhance the accuracy of mechanical predictions. In addition, the rupture of HGMS under
pressure, as observed in the laboratory and mainly discussed in Chapter 4, has been in-
cluded in the model. This phenomenon impacts both the mechanical and species transport
properties of the material, which in turn influence the progression of carbonation.

These refinements make the model more representative of the actual behaviour of
HGMS cement pastes under well conditions. A comparative analysis is performed be-
tween the original and improved models, illustrating the advantages of each modification.
Sensitivity analyses highlight the importance of each parameter on the overall prediction
accuracy. The validation of the model is supported by experimental data, with clear initial
and boundary conditions. Finally, the refined model is applied to simulate the behaviour of
HGMS cement pastes under realistic injection well conditions, demonstrating its practical
value in predicting their performance in geological CO4 storage applications.
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7.2 Fundamentals

Developed by Vallin within her research [164], the computational model integrated into the
finite element software BIL (http://perso.lcpc.fr/dangla.patrick/bil/) was specif-
ically developed to analyse the effects of scCO2 on cement pastes, considering various
aspects including both chemical reactions and poromechanical phenomena.

The model conceptualizes the cement paste as a saturated porous material. The skele-
ton, as currently defined, consists of different phases, i.e. Ca(OH)s2, CSH, aluminates, and
CaCOgs. Within this model, a system of equations is employed to describe the material’s
behaviour. Among these equations, Equation 7.2.1 governs fluid mass conservation.

P}‘(‘I?aaptf + ]\%86]? + prbdiv <(ZQ:) + py %;YRi agf’ —div [pfz grad (pf)} =0 (7.2.1)
where py represents fluid density, ®; denotes porosity, K signifies fluid compressibility
modulus, py is the fluid pressure, Ny stands for fluid-fluid coupling coefficient, b represents
Biot’s coefficient, u indicates the displacement of the solid skeleton, Yz, represents the
molar flow of reactant R;, {r, denotes the advancement of the reaction of reactant R;, x
represents fluid permeability, and 7 signifies fluid dynamic viscosity.

Equation 7.2.1 comprises five terms. The first corresponds to fluid compressibility.
The second and third terms correspond to porous medium deformation. The fourth term
reflects chemical reactions generating water as a by product. The fifth term is associated
with fluid transport, governed by Darcy’s law.

Then, Equation 7.2.2 is the second equation of the system, describing COs mass con-
servation.

0(P+C O€p. . K
(fatCO2) + Z ag, 5;%1 — div |desr grad (Cco,) + CCOQE grad (ps)| =0 (7.2.2)

0

where C'co, represents COg concentration, ag; denotes stoichiometric coefficient of reaction
R;, and d.s; signifies the effective diffusion coefficient.

This equation consists of four terms, where the first accounts for the mass variation of
CO2 within the porous medium over time, the second reflects chemical reactions consuming
CO3. The third and fourth terms relate to COy transported by diffusion or advection,
respectively.

The system of equations also includes both mechanical equilibrium and a constitu-
tive relation describing the material’s response. The mechanical equilibrium is expressed
through Equation 7.2.3 (balance equation), while the total stress is related to the state
variables via Equation 7.2.4 (constitutive relation).

div(e)+v=0 (7.2.3)
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o — o0 = 2Ge + (K - 3G) tr(e) — b (ps — pro) (7.2.4)

where « represents the body force vector, o represents the stress tensor, oy denotes the
initial stress tensor, GG is the shear modulus, € denotes the strain tensor, K represents the
bulk modulus, p; stands for fluid pressure, and py o indicates the initial fluid pressure.

In this system, chemical reactions drive the carbonation process of Ca(OH)2 and CSH,
as described in Equations 1.4.8 to 1.4.11 in Chapter 1. Furthermore, the model tracks
the advancement of carbonation reactions by incrementing £ until it reaches &nqr. At
each increment, the model adjusts the mole amounts of reactants (Ca(OH), or CSH) and
products (CaCOg) accordingly.

It shall be noticed that sudden changes in material composition at each step create
a discontinuity front of an unknown variable. Finite elements struggle to model such
behaviour, especially with the Galerkin formulation used in BIL. When the exact solution
exhibits jumps or discontinuities, the approached solution becomes contaminated with
spurious oscillations. Dvorkin [165] highlights that the Galerkin technique can lead to ill-
posed formulations for certain source terms, causing the stiffness matrix of the problem to
become non-symmetric and indefinite.

To address this, the chosen approach is to smooth the carbonation front, resulting in
the equation for the chemical reaction advancement rate shown in Equation 7.2.5.

% B (é-max - f) CCOQ
ot T Sco,

where Cco, is the CO2 concentration and Sco, is @ minimum COg threshold above which
chemical reactions can be triggered.

With this regularisation approach, in the presence of CO2, Ca(OH)y and CSH do not
react immediately, and the reaction kinetics are smoothed by the time constant 7.

The chemical reactions representing Ca(OH)s and CSH carbonation yield changes in
the volume fraction of each phase of the cement paste, i.e. Ca(OH)2, CSH, aluminates, and
CaCOs. Moreover, the model considers changes in porosity resulting from cement carbon-
ation. Consumed moles of reactants increase porosity due to lixiviation, while produced
moles of CaCOgs reduce porosity due to precipitation.

Moreover, these chemical reactions affect both the transport and mechanical properties
of the cement paste. Carbonation advances through diffusion and permeability, which are
influenced by changes in porosity. Equations 7.2.6 and 7.2.7 show the relationship found
by Ghabezloo et al. [166] for class G cements.

=0 (7.2.5)

q)F 11
k=K’ () 1071 (7.2.6)
D

dogy = 2 el0950r 2009 (7.2.7)
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where " and dgf s are parameters to calibrate, ®¢ is the initial porosity of the cement
paste, and @ is the porosity at a given time during the test.

Furthermore, the changes in the volume fractions also play a key role in the determina-
tion of the elastic parameters of the cement paste. In the model, this is performed through
a classical homogenisation method that aims at replacing an actual heterogeneous complex
body with a fictitious homogeneous one that behaves macroscopically in the same way.

The main equations needed for the particular studied application are presented in
scalar form. The homogenisation equations are developed for the REV of a heterogeneous
material which is composed of n different phases, each phase k having a volume fraction fy.
In the case of isotropy of the solid phases, the elastic bulk and shear moduli of a phase k are
represented by ki and gg, respectively. Still, in the isotropic case, the homogenised macro-
scale bulk and shear moduli of the material can be evaluated by the following relations
(see derivation in Appendix B):

n n
KM =N"foki AL 5 G = frgr AR (6.2.1)
k=1 k=1

Equation 6.2.1 shows that the effective elastic moduli are determined as a weighted
average of the moduli of the individual constituents. The coefficients A} and Ag, which
depend on the elastic properties and geometry of each phase and its surrounding matrix,
act as weighting factors for the volumetric and deviatoric strain localization of each phase.
These coefficients can be evaluated using Eshelby’s solution [152] for elastic inclusions with
ellipsoidal geometry perfectly embedded in a reference medium.

At this stage, the model considers the homogenisation of the cement paste matrix itself,
which consists of phases like Ca(OH)2, CSH, aluminates, CaCO3, and porosity. However,
the inclusion of HGMS will be introduced as a second phase, which requires a two-step
homogenisation approach. The first step deals with obtaining the effective elastic properties
of the cement paste without HGMS, as described here. In the second step, these properties
are then used to account for the impact of the HGMS. This two-step process will be detailed
further later in this chapter.

With the elastic parameters of the cement pastes determined, the model is capable of
determining the stress - strain conditions under which each point of the material is being
subjected. Under these circumstances, it is possible that for a given set of initial and/or
boundary conditions, the material will reach a stress that overpasses its strength. The
strength of the material is defined by the Driicker-Prager criterion, which is expressed in
Equation 7.2.8.

flo) =q—(cc+ fep') (7.2.8)

where ¢, is the constant associated with the material’s cohesion, f. is the constant asso-
ciated with the material’s friction angle, and p’ is the mean effective stress. ¢ refers to
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deviatoric stress. These are related to the stress state that accounts for the internal pore
pressure within a material. It is defined by the equation:

o'=0—-ul (7.2.9)

where o’ represents the effective stress tensor, o denotes the total stress tensor, and wu is
the pore water pressure.

The expressions for f. and ¢, are derived by considering the Driicker-Prager criterion
in the context of the Mohr-Coulomb failure surface. The resulting formulations reflect how
cohesion and the friction angle influence the material’s strength. The values of f. and ¢,
are determined by the relationships expressed in Equation 7.2.10.

fo= 36 sin(¢)
o nggggg) (7.2.10)
¢ ™ “3—sin(¢)

where ¢ is the friction angle and c is the cohesion of the material.

Then, Equations 7.2.11 to 7.2.14 represent the parameters calculated at each compu-
tational step in the chemo-poromechanical model. The subscript "0" denotes variables
calculated based on initial conditions, while those without the subscript represent values
under applied boundary conditions.

Here, pf, and ¢p denote the average and deviatoric stresses obtained from initial condi-
tions, respectively. p’ and ¢ represent the corresponding stresses under applied boundary
conditions. Similarly, Ji(g), Ji(eo), J2(€), and Ja(eg) are the first and second invariants
of the strain tensor obtained for initial and boundary conditions.

These equations and Equation 7.2.8 collectively describe the stress-strain behaviour of
the material.

p=py+ KAe, (7.2.11)

q = qo + 3GAe, (7.2.12)

Acy = Ji(e) — Ji(e0) (7.2.13)

Ae, = ; [(372(€))°7 — (3.2(e0))"] (7.2.14)

For the conditions of the problem to be solved using this model, for a given compu-
tational step, an increment in the volumetric and deviatoric strains €, and €, is obtained.
With those, the corresponding average and deviatoric stresses increments are obtained. If
these stress values do not satisfy the criterion established in Equation 7.2.8, the model
considers damage to represent the actual behaviour of the material.
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A damage model quantifies the degradation of a material and its effect on the perfor-
mance under mechanical loads. A damage variable d is introduced, which value can vary
between 0 and 1, representing undamaged and fully damaged conditions, respectively. Any
value of d between 0 and 1 reflects a partially damaged state [167].

The mechanical behaviour of damaged materials is often characterized by two fun-
damental hypotheses. First, the principle of strain equivalence states that the state of
deformation of a damaged material can be translated by the laws of behaviour of a sound
material, in which the field of usual stresses is replaced by the field of damaged stresses [168].
Second, the principle of equivalence in elastic energy assumes that the elastic energy of the
damaged material is the same as that of the sound material, except that the stress is
replaced by the damaged stress [169)].

The damage law itself can be defined as a function of several parameters that define
the material’s strength, as well as parameters related to the applied loads on the material.
The equation adopted to define this damage is presented in Equation 7.2.15 [164].

ce — qo — feoo
3GoAes + fKoAeg,
The damage is applied in a way that results in a loss of stiffness of the material according
to Equation 7.2.16 in which Ky and G stand for the initial bulk and shear moduli, and K
and G for the damaged (or apparent) Young moduli.

d=1-—

(7.2.15)

{K:J%u_d) (7.2.16)

G = Go(1 - d)

From Equation 7.2.16, it is clear that an increase in damage implies a decrease in the
resulting Young moduli. Moreover, damage could induce material anisotropy due to the
presence of microcracks and their heterogeneous distribution. However, as can be noticed
in Equation 7.2.16, for simplicity, only isotropic damage will be addressed in this discussion.

This section provided an overview of the chemo-poromechanical model utilized in this
research. The subsequent sections will focus on the modifications made to the model to
better suit our requirements, specifically its adaptation to incorporate HGMS and introduce
new considerations. By implementing these changes, the aim is to develop a model that
accurately predicts the behaviour of the material under the specific conditions observed in
laboratory measurements, including its performance in real COq injection well conditions.

7.3 Model improvement

This section presents the implementation of the improvements included in the model to
account for the presence of HGMS. These improvements include the homogenisation model
developed in Chapter 6, which aims to predict the elastic properties of lightweight cement
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pastes containing HGMS, and the effects of HGMS rupture under mechanical stress, crucial
for accurately characterizing the behaviour of these materials (cf. Chapters 4 and 5).

7.3.1 Homogenisation model implementation

The original homogenisation approach focuses exclusively on the cement matrix, achieving
homogenisation based on the volume fractions and elastic parameters of the various phases
within the composite, as outlined in Section 7.2. This part of the homogenisation model
was used as a first stage to estimate the elastic parameters of the cement matrix.

A second stage was then introduced, which incorporates the contributions of HGMS
into the elastic properties of the cement pastes. This second stage is based on the model
presented in Chapter 6 and acknowledges that the mechanical performance of the cement
pastes is influenced by HGMS’ geometry, volume fraction, and stiffness. By integrating the
effects of HGMS, the model can more accurately reflect the interactions within the com-
posite material, leading to improved estimations of elastic properties and overall material
behaviour (cf. Chapter 6).

The input parameters considered for the homogenisation model applied to cement
pastes CS0044C00, CS2744C00, and CS4144C00 are presented in Table 7.3.1. These pa-
rameters include the initial volume fractions of the main cement phases such as Ca(OH),
(fero), CSH (fesho), and aluminates (fq0), as well as the initial volume fraction of HGMS
(frcmso) and the total porosity at the initial state (®g). Furthermore, the values of r;
and ro correspond to the inner and outer radii of the HGMS, respectively.

Table 7.3.1: Input parameters considered for the homogenisation model

Parameter | CS0044C00 (CS2744C00 (CS4144C00

feno 0.137 0.083 0.100
Jesho 0.601 0.447 0.496
Jalo 0.099 0.071 0.081
JHGMS0 - 0.329 0.230
Porosityg 0.163 0.070 0.093
& - 14.344 18.518
2 - 15.000 20.000

The values for frgarso were determined based on the mix designs presented in Chap-
ter 2. The values for f.,o were obtained from the experimental results described in Chap-
ter 3, while the porosity values were derived from corrected MIP results presented in
Chapter 4. The internal and external radii 1 and ro were determined as established in
Chapter 6.
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The remaining volume fractions, f.spo and fq9, were calibrated to match the elastic
properties of the cement matrix as estimated by the first stage of the homogenisation model.
This calibration process aimed to obtain values that align closely with those derived from
the homogenisation results presented in Chapter 6.

Table 7.3.2 presents a comparison between the elastic properties obtained experimen-
tally and those predicted by the two-stages homogenisation model for the three cement
pastes considered: CS0044C00, CS2744C00, and CS4144C00. The elastic parameters in-
clude K and G, expressed in GPa. Both experimental data from ultrasonic wave velocity
measurements and model predictions are displayed.

Table 7.3.2: Elastic parameters’ comparison between experimental results and model pre-
dictions

Elastic parameter | | CS0044C00 | CS2744C00 | CS4144C00
Experimental 15.7 8.3 11.4

K [GPal Model 16.8 10.9 13.1
Experimental 9.7 5.4 6.8

G [GPal Model 10.4 6.9 8.1

The implementation of the model yielded consistently higher results than those obtained
experimentally via ultrasonic wave velocity measurements. However, the trend observed in
both the model and laboratory results is the same, with CS0044C00 presenting the highest
elastic moduli, followed by CS4144C00 and CS2744C00, respectively.

The homogenisation model was also used to account for the effect of carbonation on the
elastic properties of the cement pastes within the chemo-poromechanical model. Specif-
ically, the model incorporates changes in the chemical composition due to carbonation,
where the decrease in Ca(OH), and CSH phases results in the formation of CaCOgs and
amorphous SiO,OH,. These changes are accounted for by adjusting the volume fractions
of Ca(OH)2 and CSH within the model according to the degree of carbonation, allowing
for a more accurate prediction of the elastic behaviour as the material carbonates. This
aspect of the model is essential for understanding the mechanical performance of cement
in COa-rich environments, as the changes in chemical composition have a significant effect
on the stiffness of the material.

7.3.2 HGMS rupture

The incorporation of the rupture of HGMS into the model represents a critical improve-
ment. As discussed in Chapter 4 and confirmed by MIP tests on powder specimens of
HGMS (cf. Appendix A), HGMS are susceptible to rupture under mechanical stress,
which can significantly influence the interconnected porosity of the cement pastes, thereby
affecting their performance when subjected to COs injection well conditions.
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The following steps outline the approach used to estimate the volume fraction of broken
HGMS under a given target pressure. This method incorporates laboratory data from
MIP tests on powder samples to approximate the porosity changes resulting from HGMS
rupture.

1. Define the target pressure: The target pressure is set based on the mean effective
stress and fluid pressure (py and p').

2. Identify the closest pressure values: From the laboratory results presented in
Appendix A and shown in Figure 7.3.1, the two pressure values obtained from the
MIP on powder samples closest to the target pressure are selected.

3. Perform linear interpolation: Linear interpolation is applied between these two
values to determine the volume fraction of broken HGMS at the target pressure, as
illustrated in Figure 7.3.1.

4. Update the porosity: It is assumed that the total volume of broken HGMS trans-
forms into additional porosity.
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Figure 7.3.1: Volume fraction of broken HGMS vs. pressure resulting from MIP results on
powder specimens (Appendix A). The zoomed area shows the linear interpolation used.

The changes in phases frgars and porosity induced by the rupture of HGMS impact
the results of the homogenisation model. When HGMS break, the volume fraction of
broken HGMS is converted into porosity within the model. This adjustment effectively
captures the loss of the HGMS’ shell, resulting in a more accurate representation of the
elastic properties.

CHAPTER 7. CHEMO-POROMECHANICAL MODEL 155



Figure 7.3.2 illustrate the relationship between the fraction of HGMS and porosity with
increasing mean effective stress for cement paste CS2744C00. It demonstrates that as the
mean effective stress increases, the proportion of broken HGMS also rises. This results in
a decrease in the fraction of intact HGMS and an increase in porosity.

0.5

fHGMS Porosity

=
=~
1

e
@
1

Volume fraction
©
[\}
1

e
—
1

o
o

T T T

20 40 60 80 100
p’ [MPa]

en)

Figure 7.3.2: Modelled impact of confining pressure on the volume fractions of HGMS and
porosity in cement paste CS2744C00, considering the rupture of HGMS

Additionally, Figure 7.3.3 presents the variations in K and G as the mean effective stress
increases for cement paste CS2744C00. As a consequence of the decrease in fyaays and
the increase in porosity, a decrease in the elastic moduli results from the homogenisation
model.
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Figure 7.3.3: Modelled variation of K and G as a function of mean effective stress, consid-
ering the rupture of HGMS

Moreover, the new source of interconnected porosity introduced by the inclusion of
broken HGMS must be accounted for in the model’s calculations of the material transport
properties. While the model’s governing equations for permeability and diffusivity, shown
in Equations 7.2.6 and 7.2.7 remain unchanged, the increase in interconnected porosity re-
sulting from HGMS rupture leads to higher values of these parameters. Hence, a significant
influence in the carbonation rate of cement pastes containing HGMS is expected.

7.4 Validation with laboratory tests

The results presented in this section focus on the validation of the model by comparing
its predictions with laboratory test results. The three cement pastes were modelled using
axisymmetric conditions in a quarter of the specimen. The mesh used in this study is
structured and consists of 341 rectangular elements with 4 nodes, as show in Figure 7.4.1.
The figure also shows the regions considered to apply boundary conditions effectively.
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Figure 7.4.1: Geometry, mesh, and boundary condition regions for cement specimen mod-
elling

The initial boundary conditions for the model were established as shown in Table 7.4.1.

Table 7.4.1: Initial boundary conditions

Region Initial Conditions
1 Vertical displacement restriction
4 Horizontal displacement restriction
10 Zero fluid pressure

Two conditions were considered: carbonated and non-carbonated cement pastes. The
carbonation process involved incrementing the fluid pressure and confining pressure to
20 MPa with a CO3 concentration of 1200 mol/m? [64], reflecting the conditions achieved
in the laboratory carbonation cell. Hence, for modelling the carbonation process, the
boundary conditions described in Table 7.4.2 were applied.
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Table 7.4.2: Boundary conditions for carbonation

Region ‘ Boundary Conditions
1 Vertical displacement restriction
4 Horizontal displacement restriction
2& 3 In contact with COq
2& 3 Fluid pressure applied
2& 3 Confining pressure applied

Table 7.4.3 shows the input parameters used related to the kinetics of the carbonation
process (i.e. T and d? 7 f). These parameters were calibrated to ensure that the model results
of carbonation advancement align with the experimental outcomes from the laboratory tests

discussed in Part I

Table 7.4.3: Input calibrated parameters considered for modelling the carbonation ad-

vancement
Parameter ‘ CS0044C00 (€CS2744C00 (€CS4144C00
T [s] 1000 1000 1000
dYs; [m*s™] 40 40 40

To visualize the impact of cement carbonation on the volume fraction of Ca(OH)
as obtained from the model, colour maps were generated and are shown in Figure 7.4.2.
These maps illustrate the distribution of Ca(OH)z volume fraction in the cement specimens

following carbonation for 60 days, taking into account the rupture of HGMS.
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(b) Volume fraction of Ca(OH)q in CS2744C60

CHAPTER 7. CHEMO-POROMECHANICAL MODEL 160



13.7
35 1
30 A
— - 10.3
g
25 A
g
8 —
<
£ 20 - =
= 0% 5
S =
S 15
5]
=
10 A 3.4
5 -
0.0
0 T

0 10
X coordinates [mm)]

(¢) Volume fraction of Ca(OH)s in CS4144C60

Figure 7.4.2: Colour maps illustrating the volume fraction of Ca(OH)s in cement pastes
after carbonation of 60 days, accounting for HGMS rupture

With the model considering the rupture of the HGMS, CS2744C60 presents an almost
complete consumption of Ca(OH)s due to the increase in porosity, which leads to higher
diffusivity and consequently a greater advancement of carbonation. In contrast, CS4144C60
shows little difference compared to CS0044C60. The difference in the behaviour between
(CS2744C60 and CS4144C60 is attributed to the results of MIP on HGMS powder, which
indicate that at the 20 MPa pressure reached in the carbonation cell, there is almost no
rupture of HGMS41. This result contradicts the laboratory results presented in Chapter 4,
where the pH indicator test in CS4144C60 showed an almost complete consumption of
Ca(OH)s, likely due to the rupture of HGMS41. This observation emphasizes a critical
point: the model does not currently account for the pozzolanic activity of HGMS, which,
as discussed in Part I, can consume the outer shell of the HGMS and reduce their strength.
If the pozzolanic activity and the resulting decrease in strength were taken into account, a
similar outcome would likely have been achieved between CS4144C60 and CS2744C60.

To show the effects of carbonation over time for a exposure of 60 days — with an
additional 3 days for loading and 3 days for unloading the carbonation cell — obtained
through the modelling, the volume fractions of all phases in cement pastes CS0044C60 and
(CS2744C60 are shown at both internal and external points (cf. Figure 7.4.1) in Figure 7.4.3.
This examination provides insight into how carbonation influences the evolution of phase
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compositions over time in the studied cement pastes. The results for CS4144C60 are
excluded from this analysis due to the lack of HGMS41 rupture during carbonation, as
previously mentioned.
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Figure 7.4.3: Changes in phases volume fractions in plain cement pastes and cement paste
with HGMS27 as a function of time during carbonation of 60 days at internal and external

points

The analysis of the volume fractions of phases in cement pastes reveals distinct be-
haviours between the plain cement paste and the cement paste with HGMS27 during car-
bonation. The plain cement paste shows consumption of Ca(OH)s at both the internal and
external points, but no consumption of CSH is observed. The consumption of Ca(OH), at
the internal point is significantly lower than that at the external point, where a non-zero
concentration of Ca(OH)2 remains. This observation is consistent with laboratory results
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obtained using pH indicator. Additionally, the overall porosity experiences a slight decrease
due to the larger molar volume of CaCO3 compared to Ca(OH)a.

Cement paste with HGMS27 exhibits initially a marked variation in the volume frac-
tions of HGMS and porosity at both points, which is attributed to the initial increase
in fluid and confining pressures imposed during carbonation. The degree of carbonation
in this paste is considerably higher than that seen in CS0044C60, due to the increased
porosity resulting from the rupture of HGMS. At the internal point, the consumption of
Ca(OH), is virtually complete at both the internal and external points. At the external
point there is also partial consumption of CSH. Once more, these chemical phenomena
result in a slight decrease in porosity, associated with the greater molar volume of CaCOs3.

To complete the analysis, UCS and triaxial compression tests on both non-carbonated
and carbonated cement pastes were modelled to assess the effect of carbonation and HGMS
fracture. Boundary conditions were defined for these compressive strength simulations as
shown in Table 7.4.4.

Table 7.4.4: Boundary conditions for UCS and triaxial compression strength testing

Region Boundary Conditions
1 Vertical displacement restriction
4 Horizontal displacement restriction
3 Fluid pressure applied
2& 3 Confining pressure applied
3 Deviatoric pressure applied

Furthermore, Tables 7.4.5 and 7.4.6 show the input strength parameters for applying
the Driicker-Prager criterion for cement pastes before and after carbonation of 60 days,
respectively. Both parameters for each cement paste were obtained from the results of
Chapter 5.

Table 7.4.5: Input calibrated strength parameters for non-carbonated cement pastes

Parameter | CS0044C000 CS2744C00  CS4144C00
¢ [°] 12.0 9.8 20.0
¢ [MPa 21.2 11.5 12.0
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Table 7.4.6: Input calibrated strength parameters for carbonated for 60 days cement pastes

Parameter | CS0044C60 CS2744C60 (CS4144C60
¢ [°] 11.5 3.2 4.7
¢ [MPa 35.0 30.0 43.8

For the triaxial compression strength test, the pressures were gradually applied to prop-
erly represent the conditions attained in the laboratory. Initially, the confining pressure
was increased to 6 MPa; next, the pore pressure was raised to 5 MPa. These confining
and pore pressures were maintained for a duration that matched the time used in the lab-
oratory test to ensure specimen saturation. Following this, the effective confining pressure
was increased to 30 MPa at a rate that adhered to the "drained" condition used in labora-
tory tests. Finally, the deviatoric pressure was gradually increased at the same rate until
the material’s strength was reached. For UCS tests, both the confining pressure and fluid
pressure were set to zero.

Figure 7.4.4 shows the modelled strain evolution during UCS and triaxial compression
tests on non-carbonated and carbonated cement pastes. The results shown in Subfig-
ure 7.4.4a demonstrate a decrease in Young’s modulus from UCS to triaxial compression
tests in cement pastes containing HGMS of both classes. This phenomenon is due to the
rupture of the HGMS initiating at the achieved effective confining pressure of 30 MPa.
Subfigure 7.4.4b shows differences between the stiffness of the inner and outer points on
carbonated specimens during the UCS test. In CS0044C60, this is due to the heteroge-
neous nature of the specimen, which is represented in the external point by the abundance
of CaCOg resulting from the carbonation of the Ca(OH)s2. Since CaCOs is stiffer than
Ca(OH)s, the outer point has a higher stiffness than the inner point. For CS2744C60, the
trend is the opposite, giving a higher stiffness in the inner point than in the outer point due
to the rupture of HGMS27 during the UCS test. Finally, Subfigure 7.4.4c shows similar
trends to those of Subfigure 7.4.4b.
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Figure 7.4.4: Modelled strain evolution during UCS and triaxial compression tests on
cement pastes, both non-carbonated and carbonated for 60 days.
specimens, the curves are displayed for both internal and external points of the specimen

For the carbonated

Finally, Figure 7.4.5 compares the strength of cement pastes obtained from UCS tests
and triaxial compression tests with 30 MPa confinement, as determined by both the model
and laboratory tests for non-carbonated samples and those carbonated for 60 days. The
cohesion and friction angle parameters selected for each condition show good agreement
between model predictions and experimental results.
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Figure 7.4.5: o] vs. o5 at 0 MPa and 30 MPa effective confining pressure and 5 MPa of
pore pressure before and after carbonation of 60 days. Comparison between modelled and
experimental results

7.5 Modelling of cement pastes under real well conditions

This section focuses on the modelling of cement pastes under actual well conditions. By
incorporating the developed homogenisation model along with the effects of HGMS rupture,
the simulation can effectively represent the material behaviour in environments similar to
those found in CO2 geological storage wells. This predictive approach not only enhances the
understanding of how lightweight cement pastes with HGMS respond to varying conditions
but also aids in optimizing formulations to ensure durability and reliability in critical
applications.

The mesh used to model the slice of the cement annulus is structured and consists of
1276 rectangular elements of 4 nodes each. To apply boundary conditions effectively, the
regions of the model were defined as indicated in Figure 7.5.1.
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Figure 7.5.1: Geometry, mesh, and boundary condition regions for COg injection well
cement annulus modelling (note: radial distance from the axis of axisymmetry is not to
scale)

The initial boundary conditions for the model were established as shown in Table 7.5.1.

Table 7.5.1: Initial boundary conditions for the well model

Region ‘ Initial Conditions
2 Zero CO4 concentration
4 Horizontal displacement restriction
4 Vertical displacement restriction
10 Fluid pressure of 10 MPa
1 Confining pressure of 25 MPa
2 Confining pressure of 25 MPa
3 Confining pressure of 25 MPa

Then, for modelling the carbonation process in well conditions, the boundary conditions
described in Table 7.5.2 were applied.

Table 7.5.2: Boundary conditions for carbonation in well conditions

Region Boundary Conditions
2 In contact with COq
4 Horizontal displacement restriction
4 Vertical displacement restriction
10 Fluid pressure of 10 MPa
1 Confining pressure of 25 MPa
2 Confining pressure of 25 MPa
3 Confining pressure of 25 MPa
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The application of boundary conditions in the well model follows the physical charac-
teristics and interactions expected at a depth of 1000 meters. The cement paste is confined
between the casing and the surrounding rock, and its behaviour is governed by mechanical,
hydraulic, and chemical interactions with the environment. These boundary conditions
aim to simulate the confinement pressures and the gradual income of COg2 from the outer
regions of the cement ring, reflecting the conditions typically encountered in CO4 geological
storage wells.

Regarding the pressure exerted by the rock mass on the cement, this creates a con-
finement on the cement that occupies the annular region between the rock mass and the
casing. This confinement is defined by Equation 7.5.1.

Deont = Ko (’YSZ - 'sz) + YwZ (751)

where K is the coefficient of earth pressure at rest (considered as 1), vs is the specific
weight of the rock (assumed to be 25 kN/m? as an average), v, is the specific weight of
water (10 kN/m?), and z is the depth (1000 m). This confinement pressure is applied to
the right edge of the cement ring slice modelled.

Horizontal and vertical displacements are restricted in region 4, corresponding to the
left edge of the cement ring slice (or inner radius), where the cement paste is in contact
with the casing. This assumption reflects both an assumption of perfect adhesion between
the cement paste and the casing and an assumption that the casing is more rigid than the
cement paste.

The initial state of the model assumes no CO2 concentration throughout the system.
The concentration of CO3 is then gradually increased at the right edge of the cement ring
(Region 2), which is the only part in direct contact with the injected gas. This setup
mirrors the exposure conditions during COq injection, where the cement must withstand
the income of CO9 from the surrounding geological storage.

Table 7.5.3 shows the input parameters used to model the cement pastes under COq
injection well conditions, including the initial volume fraction of each phase (i.e. Ca(OH)sa,
CSH, aluminates, HGMS and porosity), the radii of HGMS27 and HGMS41, the parameters
related to carbonation kinetics and the parameters related to the strength of the cement
pastes before carbonation.
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Table 7.5.3: Input parameters for cement pastes subjected to COs injection well conditions

Parameter | CS0044C00 (CS2744C00 CS4144C00

Jeho 0.137 0.083 0.100
Jesho 0.601 0.447 0.496
Jalo 0.099 0.071 0.081
JHGMS0 - 0.329 0.230
Porosityg 0.163 0.070 0.093
| - 14.344 18.518
T - 15.000 20.000
7 [s] 1000 1000 1000
Yy [m?s71] 40 40 40
¢ [°] 12.0 9.8 20.0
¢ [MPa] 21.2 11.5 12.0

Following the presentation of the regions and the input parameters and the boundary
conditions, the results of the change in the phases volume fractions during the carbonation
process of 4 years in the COs injection well are presented in Figure 7.5.2. This figure
illustrates the temporal evolution of phase compositions in plain cement paste, as well as
in cement pastes incorporating both classes of HGMS (HGMS27 and HGMS41), at both
internal and external points of the cement ring. The internal point represents the region
in close contact with the casing, while the external point reflects the area directly exposed
to the incoming COs.
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Figure 7.5.2: Changes in phases volume fractions in plain cement paste, cement paste
containing HGMS27, and cement paste containing HGMS41 as a function of time during
carbonation in COs injection well at internal and external points

The results presented in Figure 7.5.2 reveal the behaviour of the cement pastes when
exposed to COs. As outlined in Section 7.2, the initial reaction involves the consumption of
Ca(OH)3 in the cement pastes, leading to the formation of CaCOg. In scenarios where all
Ca(OH), is fully consumed, the carbonation process then shifts towards the consumption
of CSH, further producing CaCQO3. Both chemical reactions contribute to a reduction in
porosity due to the greater molar volume of CaCO3 compared to both Ca(OH)y and CSH.

As illustrated in Figure 7.5.3, which shows the colour maps of the volume fractions of
Ca(OH)y, CSH, and CaCOg for plain cement paste after 120 days of exposure, it becomes
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evident that carbonation faces greater difficulty in reaching the internal point compared
to the external point, primarily due to the latter’s higher exposure to the injected COs.
Notably, the plain cement paste and the cement paste with HGMS27 exhibit similar porosi-
ties resulting from the rupture of HGMS, which yields an approximately equal rate of CO4
diffusivity in both types of cement. Consequently, the advancement of carbonation occurs
at a similar pace in both cement pastes. However, the cement paste with HGMS27 has
lower contents of Ca(OH)2 and CSH, leading to a faster complete carbonation process than
that of plain cement paste.
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Figure 7.5.3: Colour maps illustrating the volume fraction of Ca(OH)y, CSH, and CaCOg
in plain cement paste after being subjected to COs injection well conditions for 120 days

On the other hand, the cement paste with HGMS41, which contains the strongest class
of HGMS of the two used, does not experience rupture during exposure to CO2, maintaining
its initial porosity. This results in the lowest initial porosity under the proposed conditions.
Hence, this cement paste exhibits the slowest carbonation rate among the pastes modelled.

The findings underscore the critical importance of selecting appropriate HGMS for ce-
ment formulations. While the pozzolanic activity of HGMS is not accounted for in this
analysis, the results indicate that the cement paste with HGMS27 presents a carbonation
advancement behaviour comparable to that of the plain cement paste. Notably, the density
of the cement paste with HGMS27 is 1388 kg/m?, while the plain cement paste stands at
1988 kg/m? (cf. Chapter 2). This implies that, while maintaining similar performance
against carbonation, a significant reduction in density can be achieved, which is essential
for optimizing well cementing operations. Alternatively, choosing the cement paste with
HGMS41, which has an intermediate density of 1601 kg/m3, would result in lower carbon-
ation advancement while still achieving a controlled density, thereby facilitating efficient
well cementation.

7.6 Conclusion

This chapter presented a comprehensive analysis of the chemo-poromechanical model used
to simulate the behaviour of cement pastes under conditions relevant to COy geological
storage. The fundamentals of the model were first outlined, emphasising its theoretical
basis, which is critical to understanding the interactions within cementitious materials.
Improvements to the original model were then discussed, including the implementa-
tion of the homogenisation model and the HGMS rupture. Regarding the homogenisation
model, a two-stages approach was used. The first stage focuses on the homogenisation
of the cement matrix, while the second stage addresses the integration of HGMS into the
model. This dual approach allows for a precise estimation of the material elastic properties
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accounting for the presence of HGMS. Additionally, incorporating the rupture of HGMS
into the model represented a significant enhancement. This consideration enables the model
to account for the stiffness loss and its impact on transport properties, both related to the
decrease in fgaars and the increase in porosity. As a result, the model provides a more
accurate representation of the carbonation process in cement pastes containing HGMS.

Validation of the model with laboratory tests confirmed the effectiveness of the proposed
enhancements. By calibrating the volume fractions of CSH and aluminates in the cement
pastes, the elastic properties obtained from the model were aligned with experimental
measurements. Furthermore, the parameters 7 and dgf 7 were adjusted to ensure that the
carbonation advancement predicted by the model closely matched the laboratory results,
particularly from pH tests.

Finally, the modelling of cement pastes under realistic well conditions demonstrated
the potential benefits of using HGMS. It was found that the performance of these cement
pastes is highly dependent on careful selection, considering the mechanical loads they will
face to minimize the likelihood of HGMS rupture. Additionally, the pozzolanic activity of
the HGMS, which can influence their integrity, is crucial for optimizing cement paste for-
mulations. Overall, this chapter highlights the importance of refining modelling approaches
to enhance the durability and reliability of cement pastes containing HGMS in the context
of COs injection wells.
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Chapter 8

Final considerations

8.1 General conclusions

This thesis has investigated the mechanical properties and microstructure of lightweight
class G cement pastes modified with HGMS, with a view to their potential application in
COg geological storage wells. A combination of laboratory testing and numerical modelling
was employed to examine the behaviour of these cement pastes under injection well con-
ditions. In particular, experimental tests were conducted to assess the impact of HGMS
on the cement paste’s strength and durability, while numerical simulations provided in-
sights into the long-term stability of these materials when exposed to COs injection well
environments.

In the first part, the research examined how varying the w/s ratio, incorporating differ-
ent HGMS classes, and exposing cement pastes to supercritical carbonation affected their
properties. The analysis centred on the chemical interactions between the HGMS and the
cement matrix, the modifications induced in the microstructure, and how these factors
collectively influenced the mechanical behaviour of the cement pastes.

Cement pastes with 10% cement replacement by HGMS27 and HGMS41 and two
w /s ratios (0.44 and 0.60) were studied. Modified Chapelle, granulometry and pycnometry
tests were carried out on class G cement and HGMS. Isothermal calorimetry, TGA, UCS
on cubic and cylindrical specimens, and triaxial compression tests (with isotropic and de-
viatoric loading) were performed on class G cement specimens with and without HGMS.
Cylindrical specimens of each class G cement paste were subjected to supercritical carbon-
ation conditions (90 °C, 20 MPa, CO saturated atmosphere in the presence of water) for
60 and 120 days. Then, it was possible to quantify the changes in the various properties
of class G cement pastes due to this exposure.

Building on the findings of the first part of this research project, the second part focused
on modelling the behaviour of cement pastes with HGMS under conditions of COs injection
well. This involved enhancing an existing model by incorporating a novel homogenisation
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method to estimate the elastic properties of cement pastes with HGMS, and accounting
for HGMS rupture and its impact on the material’s elastic and transport properties. The
model was subsequently validated with respect to laboratory results, thereby supporting
its utility in the analysis of the material’s response to scCO2 exposure.

The conclusions drawn from each topic covered in this work are presented below:

Interaction between HGMS and cement paste

A physico-chemical interaction exists between the HGMS and the class G cement paste.
This interaction includes both a filler effect and the pozzolanic activity of the HGMS.

The filler effect refers to the ability of HGMS to act as nucleation sites for cement
hydration products. This was confirmed and quantified through SEM images, isothermal
calorimetry tests, and TGA on specimens with short curing times. These studies demon-
strated that, in cement pastes containing HGMS, the matrix became more compact, the
rate and degree of hydration increased, and the Ca(OH)s content was higher compared to
plain cement pastes.

Pozzolanic activity refers to the chemical interaction between high silica admixtures
and the Ca(OH); resulting from the hydration of the cement. According to the modified
Chapelle test, both HGMS27 and HGMS41 have sufficient pozzolanic activity to be con-
sidered as pozzolanic admixtures. These results were verified by other tests, such as SEM
images to verify the increase in compactness produced by this interaction, and TGA on
specimens with long curing times to verify the decrease in Ca(OH)y content.

Microstructural insights into cement carbonation

The interaction between HGMS and cement paste, the w/s ratio and the supercritical
carbonation affected the microstructure of the cement pastes.

MIP tests confirmed that increasing the w/s ratio resulted in greater absolute porosity
and larger pore sizes in the class G cement pastes. SEM images showed that the plain
cement paste with a w/s ratio of 0.44 has a denser and more compact microstructure
compared to the one with a w/s ratio of 0.60. A greater advancement of the carbonation
front was measured with phenolphthalein, indicating that the more porous structure of
the cement paste with a w/s ratio of 0.60 makes it more susceptible to the effects of
carbonation. Additionally, MIP test results revealed that in both types of cement pastes
exposed to supercritical carbonation, there was a decrease in pore entry size due to the
precipitation of CaCOsg.

The increase in compactness due to the use of HGMS is evident from SEM images.
MIP tests confirm that the pore entry size becomes smaller. From the analysis of changes
in microstructure, combined with the results obtained from the rupture of HGMS, it can
be concluded that the large peak observed in the MIP tests corresponds to the rupture of
the HGMS, which consequently confer occluded porosity.
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In the supercritical carbonation used in this work, with a pressure of 20 MPa, the
rupture of the HGMS occurs as in the MIP test. Upon rupture, the occluded porosity
conferred by HGMS to the paste becomes interconnected, and carbonation front advance
is greater than expected. This is verified by the pH indicator test and by the results ob-
tained from the MIP in external and internal samples of carbonated cement pastes with
HGMS, which show a high degree of homogeneity in the carbonation of the cement pastes
containing HGMS.

Effects of carbonation on the microstructure and the mechanical properties

Changes in the microstructure resulted in changes in the mechanical behaviour of the
cement pastes. The three variables studied in this work, w/s ratio, HGMS and supercritical
carbonation, have an influence on the mechanical properties.

An increase in the w/s ratio results in a decrease in the dynamic elastic properties and
UCS. This is due to the increase in porosity in cement pastes with increasing w/s ratios.
The additional porosity leads to reduced stiffness and strength of the material.

Cement pastes containing HGMS27 have the lowest dynamic elastic properties and
UCS for each w/s ratio, due to the low strength and high volume fraction of HGMS27
in CS2744C00 and CS2760C00. The relative stiffness and strength between the HGMS
and the cement paste has a significant effect on these properties. For example, pastes
CS0060C00 and CS4160C00 have very similar elastic properties and UCS due to the sim-
ilar stiffness and strength between HGMS41 and the paste with a w/s ratio of 0.60. In
addition, drained isotropic tests show that CS2744C00 and CS4144C00 pastes are dam-
aged at isotropic pressures above 10 MPa and all cement pastes show signs of damage in
deviatoric tests.

Exposure to supercritical carbonation reduces the dynamic Young moduli and UCS of
all cement pastes. Pastes with HGMS27 are most affected, followed by those with HGMS41
and finally those without HGMS. The experimental results indicate a strong advance of
carbonation, which dissolves the CaCOs and affects more the pastes with HGMS due to
their rupture.

Homogenisation of the elastic parameters of lightweight cement

Chapter 6 proposes an analytical model based on the Eshelby rigid inclusion theory to
predict the elastic properties of cement pastes with HGMS.

The model requires knowledge of the elastic properties of the cement matrix as well as
the volume fraction of HGMS, its dimensions and elastic properties. The model can also
take into account an imperfect interface between the HGMS and the cement matrix. The
results of the model depend on the ratio between the outer and inner radii of the HGMS,
and the mechanical properties of the cement matrix and the material forming the HGMS.
The imperfect interface between the microspheres and the cement matrix has a limited
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effect on the bulk modulus, but can have a more significant effect on the shear modulus,
depending on the interface parameters.

The model predictions have been compared with experimental data and show a very
good agreement. Without any parameter calibration for the perfect interface case, the
model predictions, with less than 15% deviation from the experimental values, are ade-
quate for most practical applications. By adjusting a single pair of interface parameters
for both HGMS classes used in this study, the model predictions significantly improved.

Chemo-poromechanical model considering carbonation

Finally, a chemo-poromechanical model was implemented to represent the behaviour
of the cement pastes used in this work under CO3 injection well conditions. This model
is complex and has been improved to correctly represent the behaviour of cement pastes
with HGMS.

Improvements to the original model included a two-stage homogenisation approach:
first, homogenisation of the cement matrix and second, integration of the HGMS. This
approach allowed a more accurate estimation of the elastic properties of the material in
the presence of HGMS. In addition, the inclusion of HGMS rupture allowed the model to
capture the effects of stiffness reduction and increased porosity on transport properties.

The results obtained with the new model are consistent with those obtained from
laboratory tests, although there are certain limitations. The model takes into account
the rupture of the HGMS and its influence on homogenisation, which allows a reasonable
representation of the behaviour observed in laboratory tests. However, it should be noted
that the model does not address, among other possible phenomena, the effects of pozzolanic
activity and the resulting reduction in strength of the HGMS.

8.2 Perspectives

Several improvements and future perspectives can be considered to better understand the
interaction between HGMS and cement paste. Although the data are conclusive, and it
is now known that HGMS have filler effect and pozzolanic activity, quantitative chemical
analyses such as XRD with Rietveld quantification including the amorphous content could
be carried out. In this way, the variation in Ca(OH)y content would be known more
precisely and, more importantly, the amount of CSH produced by the pozzolanic reaction
would be known. Similarly, the extent of the consumption of the HGMS by this reaction
could be known by carrying out specific tests such as nanoindentation in the HGMS-cement
paste contact zone. Furthermore, in order to relate this to the homogenisation of the elastic
parameters, the properties of the interface between the HGMS and the cement paste could
be accurately measured in order to properly calibrate the model.

With regard to the microstructure study, the results obtained were sufficiently con-
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clusive. Given the difficulty of quantifying the porosity of the pastes using MIP, another
method could be used for this purpose. It should be remembered that the aim of measur-
ing porosity is to understand the extent to which COs affects the cement pastes. For this
reason, it may be more interesting to make direct measurements of the permeability and
diffusivity of COq in cement pastes. One could also investigate the chemical composition
by XRD tests with Rietveld quantification, including the amorphous content.

Mechanical characterization is one of the most laborious parts of the laboratory, espe-
cially for drained triaxial tests. In order to ensure the drained condition, the tests must
be run very slowly. This makes obtaining failure surfaces a complex task. A more detailed
characterization would be useful to fully understand the behaviour of the materials under
study. This, in addition to the previous comments, can help to understand the reason for
the more frictional behaviour of carbonated cement pastes compared to the behaviour of
non-carbonated ones.

Finally, the modelling carried out was able to correctly reproduce the behaviour of
the cement pastes. In any case, it could be of interest to modify the constitutive model
used, which currently considers an elastic period followed by pure damage, to a model
that includes damage coupled with plasticity. Damage related to chemical changes in the
cement paste due to supercritical carbonation could also be added.
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Appendix A

Analysis of HGMS rupture during
the MIP test

This appendix presents the analysis of HGMS rupture during the MIP test. The focus is
on quantifying the extent to which HGMS particles break under the increasing pressure
applied during the MIP process. By analysing the results of the MIP test on HGMS
powder, insight is gained into the behaviour of cement pastes containing these HGMS and
their contribution to the overall porosity measurements.

To measure the actual strength of HGMS subjected to isotropic stress conditions, MIP
tests were performed on two sets of powder specimens consisting only of HGMS27 and
HGMS41. Since the specimen is desegregated, the interpretation of the results obtained
may vary slightly. Mercury porosimetry measurements on similar non-porous solid pow-
ders, such as polymer and glass beads, have demonstrated a characteristic pattern where
rapid mercury intrusion occurs at a specific low pressure, followed by minimal further
intrusion at higher pressures [5]. This phenomenon is governed by the breakthrough pres-
sure, defined as the pressure required to force mercury into the interparticle voids, which
is determined by factors such as surface tension, particle geometry, and the constricted
regions between solid particles [6]. In our tests, a similar pattern was observed, with the
initial breakthrough pressure, corresponding to the intrusion into the interparticle spaces,
occurring in a low and restricted range of pressures. This behaviour aligns with the find-
ings of Carli and Motta [1], who attributed this pressure range to the intrusion of mercury
into interparticle voids. Similarly, Emeruwa et al. [7] reported a breakthrough pressure for
similar packed powders typically around 0.1 MPa, characterized by a distinct change in
the slope of the cumulative mercury intrusion volume. This phenomenon is shown in Fig-
ure A.1, where Figure A.la shows the initial state of the powder in which all the particles
tend to agglomerate without allowing the entrance of mercury to the space between them
and Figure A.1b illustrates the state of the powder after the breakthrough pressure has
been exceeded, where mercury fully infiltrates the interparticle spaces.
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Figure A.1: MIP test on desegregated particles illustrating the state of the powder sample
after the breakthrough pressure is reached, allowing mercury infiltration into interparticle
spaces [4, 5, 6, 7]

Figure A.2 shows the incremental and cumulative volume of mercury per gram of spec-
imen intruding for each imposed pressure during the powder MIP tests performed on
HGMS27 and HGMS41. Figure A.2a shows the incremental mercury intrusion volume,
while Figure A.2b shows the cumulative mercury intrusion volume. In both cases, the
increase in the slope that can be appreciated at 0.13 MPa and 0.15 MPa could be easily
related to the overpass of the particles’ agglomeration strength. After this, another im-
portant and wider change in the incremental volume is observed for pressures higher than
10 MPa. Though it is typically expected that further increases in cumulative volume during
MIP tests would correspond to the intrinsic porosity of the particles, in the case of HGMS,
their perfect spherical shape suggests no porosity, as supported by the MIP results and
consistent with Palmer’s findings on non-porous glass beads [5]. Furthermore, SEM images
of HGMS27 and HGMSA41, shown in Figure 2.1.1 (cf. Chapter 2, Section 2.1), confirm the
absence of porosity in the HGMS shells. Instead, increasing the mercury pressure at this
point will only result in increasing the stress to which the particles are subjected. Accord-
ing to the manufacturer, the strengths of HGMS are specified as 27 MPa for HGMS27 and
41 MPa for HGMS41. So, at some given pressure, HGMS are expected to break, leading to
this increase in the incremental volume and in the slope of the cumulative volume. With
this test, it is possible to measure in a relatively easy way the actual strength of the HGMS,
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which is already an interesting issue. Furthermore, it can be seen that this material do
not present a given strength, but instead there exists a distribution of strength, which can
be obtained from these results. In Figure A.2a, the informed pressures of 15.9 MPa for
HGMS27 and 34.4 MPa for HGMS41 correspond to the pressures at which the highest
peak is found within this distribution. The proximity of the obtained values for the main
peak and the crush strength informed by the manufacturer is noticeable.
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Figure A.2: Incremental and cumulative mercury intrusion volume for HGMS27 and
HGMS41 vs. pressure applied

In addition, from Figure A.2b, the total volume intruded as a result of the rupture of
HGMS could be obtained following Equation A.1. Initially, the total volume of mercury
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that entered the penetrometer during the whole test (Vgg—nraz) is 0.169 ml for HGMS27
and 0.170 ml for HGMS41. These volumes include both the volume intruded into the
HGMS and the volume between the particles forming the HGMS powder. The latter can
be subtracted by considering the cumulative mercury volume just before the first HGMS
breaks (Vistpreqr) for each class of HGMS. It was found that the pressure just before the
rupture of the first HGMS is 6.51 MPa for HGMS27 and 17.77 MPa for HGMS41, resulting
in the Vyistpreqr of 0.089 ml and 0.081 ml for HGMS27 and HGMSA41, respectively. Hence,
by applying Equation A.1, the mercury intruded into the HGMS (Vgg—voiq) results 0.080
ml for HGMS27 and 0.089 ml for HGMS41. Furthermore, by knowing the mass of the
powder specimens, the density of the HGMS (0.28 g/cm? and 0.46 g/cm? for HGMS27 and
HGMSA41, respectively) and considering Equation A.2 one can obtain the total volume of
HGMS in the specimen, which is 0.104 cm? and 0.116 cm?, respectively for HGMS27 and
HGMS41. Similarly, knowing the density of glass (2.23 g/cm?) it is possible to calculate
the volume of glass present in the specimens by applying Equation A.3, which corresponds
to 0.0131 cm?® for HGMS27 and 0.024 cm? for HGMS41. The difference between Vgaurs
and Vguss in Equation A.4 results in the volume of void inside the outer shell forming the
HGMS, i.e. 0.091 cm? and 0.092 cm?, respectively for HGMS27 and HGMS41. All these
volume values are presented in Table A.1 for the sake of clarity.

VHg7Void = VHg—Max - Vl“break (Al)
M .
Viranms = specimen (AQ)
PHGMS
M .
Vglass _ specimen (A3)
Pglass
‘/void = VHGMS - V;]lass (A4)

Table A.1: Volumes representing the MIP test on HGMS powder specimens

Class of HGMS VHQ*MGI Vlstbreak VHg—Void VHGMS Vglass Vvoid

ml ml ml ml ml ml
HGMS27 0.169 0.089 0.080 0.104 0.013 0.091
HGMS41 0.170 0.081 0.089 0.116 0.024 0.092

In Table A.1, one can observe that the calculated void volume inside the HGMS (Vwoid)
is larger than that obtained through the MIP test (Vgg_voiq) for both classes. This
discrepancy could be attributed to variations in the strength of the HGMS, as they are
not perfectly uniform. Some HGMS may have a higher strength than initially reported by
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the manufacturer. Interestingly, HGMS27 shows a greater difference between the expected
and obtained void space compared to HGMS41.

However, upon examining Figure A.2a, this finding seems counterintuitive. HGMS27
exhibits near-null incremental volume distribution at 200 MPa of mercury pressure, while
HGMS41 shows higher incremental volumes throughout the pressure range of the test.
However, upon examining Figure A.2a, this finding seems counterintuitive. HGMS27 ex-
hibits near-null incremental volume distribution at 200 MPa of mercury pressure, while
HGMS41 shows higher incremental volumes throughout the pressure range of the test.
Moreover, according to the manufacturer, HGMS27 has a lower strength than HGMS41,
suggesting that HGMS27 should be closer to reaching the calculated void volume V4. It
is also possible that a non-negligible fraction of the HGMS are not completely hollow or
have thicker walls, which could contribute to their observed performance. Therefore, es-
tablishing a clear relationship between crush strength and the percentage of broken HGMS
proves challenging.

To address this, the aim is to calculate the ratio between the expected void volume
and the MIP void volume, which could serve as a useful parameter when studying cement
pastes with HGMS. The void volume obtained through the MIP test (Vag—voiq) and the
calculated void volume inside the HGMS (V,4;4) were determined for both HGMS27 and
HGMS41. Specifically, Vig—voiq for HGMS27 is 0.080, while V44 is 0.091. For HGMS41,
VHg—void is 0.089 and Vg is 0.092. By dividing Vgg_voeid by Vueid, the resulting ratios
are 0.879 for HGMS27 and 0.967 for HGMS41, as detailed in Table A.1.
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Appendix B

Theoretical framework of the
homogenisation model

This appendix is dedicated to the presentation of the theoretical framework of the model.
The final equations are presented in the main text, in a way that the model can be used
without referring to the appendix. The purpose of this appendix is to provide a unified
presentation of the framework of the homogenisation model that permits the mathematical
formulation to be easier to read and understand. The model framework is presented for a
general case, including the effect of imperfect interface between phases. It can be reduced
to the case with perfect interfaces by setting the interface compliances equal to zero.

Homogenisation method

The aim of classical homogenisation method is to replace an actual heterogeneous com-
plex body by a fictitious homogeneous one that behaves globally in the same way. The
theoretical framework of micromechanics modelling and homogenisation method has been
presented in different papers and textbooks, e.g. [144, 170]. The principles and main equa-
tions of this framework are presented briefly in the following.

The volume Vj of the REV (Representative Elementary Volume) of a heterogeneous
material is composed of n different phases with volumes Vi, r = 1...n, and volume fractions
fx = Vi/Vh. The tensors of Young moduli of each phase is denoted by c. In the case of
isotropy of the solid phases, the tensor of Young moduli can be written as the sum of a
volumetric and a deviatoric part, Cp = 3kiJ + 29, K, where kj; and g are the bulk modulus

and shear modulus of the phase k respectively. J,qrs = §6pq6rs is the volumetric part of
the fourth-order symmetric unit tensor, I and K = I — J is the deviatoric part. I is defined
as Lygrs = 3 (OprOgs + Opsdgr) and dpg stands for the Kronecker delta. The homogenisation

equations for the effective elastic properties can be derived on a REV submitted to a
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homogeneous strain boundary conditions. The homogeneous strain boundary conditions
are associated to prescribed displacements u at the boundary of the REV as u = E : z,
where x is the microscopic position vector and E is the macroscopic strain tensor. It
can be shown that E is equal to the volume average of the microscopic compatible (i.e.
derived from a displacement field) strain field € (z) in the REV [170], E = (), where
(2)y = (1/V) [, z (z) dV stands for the volume average of quantity z over domain V.

In the framework of linear elasticity, the local strain field € (z) is related to macroscopic
strain E through fourth-order localization tensor A (z):

e(z)=A(z):E (B.1)

Using the equality E = (¢), one obtains (A) = I. The tensor of overall effective moduli
Chom of the heterogeneous porous material is given as:

Com = (c: A) (B.2)

The above equation is classical and has been presented in many papers [170, 144]. In
the isotropic case, this equation is reduced to the following forms:

m m
Khom =N" fike Ay 0GP = frgiAlL (B.3)
k=1 k=1
The evaluation of the effective Young moduli needs an estimation of the strain local-
ization tensor A. This needs the knowledge of the stress and strain fields in an inclusion
embedded in an infinite medium and subjected to homogeneous strain Eg at infinity. The
general form of the solution can be considered as follows:

eh) = H;:Eg (B.4)

where the tensor Hy is a function of the Young moduli of the inhomogeneity and the ref-
erence medium, Cy and Cy, respectively, and the geometry of the inclusion. Eshelby [152]
gives the solution for the stress and strain fields inside an ellipsoidal inhomogeneity per-
fectly bounded to an infinite elastic reference medium.

As explained by Zaoui [170], the strain localization tensor can be estimated by estimat-
ing the average mechanical state in each phase k of the RVE subjected to the macroscopic
strain E as that of an ellipsoidal inhomogeneity with the same moduli, embedded in an
infinite matrix with arbitrary moduli Cy subjected to some adequate uniform strain at
infinity Eg. The stress and strain field in the phase k are thus estimated by Equation B.4.
The strain tensor Eg can be determined knowing that E = (g):

E = (¢) = (H) : E, (B.5)

Inserting Eq from this relation in Equation B.4 and comparing with Equation B.1, the
strain localization tensor of the phase k can be identified:
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A, =H;: (H)! (B.6)

Average strain in a REV with imperfect interfaces

This approach could be extended by considering the existence of an imperfect interface
between a phase, and its surrounding medium. The presence of imperfect interface results
in a displacement jump given by Au; = 1;;0;,n, where 7;; is interface compliance tensor.
nij can be expressed in terms of 7" and 7', which are respectively normal and tangential
compliances. [154, 159, 143].

ij = "7t5ij + (TI” - 77t> NN (B.7)

The average strain over the REV, considering displacement jumps at the interfaces, is
given by:

ey = V/ z)dV = kask + Z/S Auing + Aujng)ds (B.8)

The strain tensor Eg can be determined knowing that E = (g), by inserting Equa-
tion B.4 in Equation B.8:

n

E = (¢)y, = Z feHg - Eg —|— — Z/ (Auin; + Aujn;)ds (B.9)

r=1
The term Awu in Equation B.9 can be replaced with the expression of the displacement
jump to find:

m
E= Z feHg : Eg —|— — Z / (MimOmknEnj + NjmOmEenen;)ds (B.10)
k=1 s

Considering the difficulty of the evaluation of the integral term in the above equation,
an ad hoc approximation can be formulated by replacing the stress on the interface by its
average over the inclusion [154, 159, 157, 143].

/ (nimamknknj + njmamknkni)ds ~ 5mk/ (mmnknj + njmnkni)ds (B.11)
S S

The calculation of the integral in Equation B.11 needs the evaluation of the integral
Js mijnikmyds. Using Equation B.7 this can be written as:

/m-jnknlds = / [ntéij + (77" — nt) nm]} ninds (B.12)

The above integral can be calculated using the following two integrals evaluated over a
spherical inclusion:
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1 1 1 1
g/nmjds = 557;1-; ;/nmjnknlds = B (5ij5kl + 6ik5jl + 51’1(5]'1:) (B.13)

Using Equations B.13 and B.12, the integral term in Equation B.11 can be written as:

/S(mmnknj + Njmngng)ds = % {(2777"” + 377t) (0im0jk + OikOmj) + 2 (ﬁn - nt) 5ij5mk}
(B.14)
Knowing that Ly, = % (0im0jk + Oi0jm) and Jijmp = %&jémk, the above equation can
be re-written as:

(B.15)

20" An™ + 6n'
/(Wz‘mnknj + njmnkni)ds =3 [g,] + MK]
S

15

Using Equations B.15 and B.11, s = 4772, V = %7’[’7‘3 for a spherical inclusion of radius
rand 1/V = fi/Vk, Equation B.10 can be re-written as:

E= Z i (Hk ‘Eo+ 0™ P(k)> (B.16)
k=1
where
1 4An™ 14
pk) = = [nZJ + ’“‘;3%1{] (B.17)
r

By knowing that ¢*) = C}, : ¢(®) and ¢*¥) = H*¥) : E; the following can be obtained:
E=3 fi (I+Ci: PW) : Hy: Bo = ((T+Cr: PW) : Hy ) : B (B.18)
k=1

Inserting Eg from this equation into the elk) = H;. : Eq the strain localisation tensor
of the phase k is identified as:

A, =H, : <(I +Cy: P(k)> : Hk>_1 (B.19)

Using Equations B.19 and B.17 the strain localization coefficients A? and A¢ in Equa-
tions 6.5.3 and 6.5.4 are found.

The following section is dedicated to its evaluation of the coefficients HY and H¢ for
the REV considered in this study.
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Evaluation of strain localization parameters

This part is dedicated to the derivation of the elastic strain field in an infinite medium
constituted of a 2-layered spherical inclusion, embedded with an imperfect interface, in a
matrix subjected to uniform strain conditions at infinity. This solution is used to calculate
the strain localization coefficients for the proposed micromechanical model. The considered
model is presented in Figure B.1. A spherical coordinate system (r, 6, ¢) is used. The
presentation of the equations follows the same steps as in the original formulations of Hervé
and Zaoui [142] and their extension to consider imperfect interfaces by Ghabezloo [143],
but in a relatively concise manner. The interested reader may refer to the original papers
for more details.

~——

Figure B.1: The 2-layered spherical inclusion embedded in an infinite matrix

Considering the isotropy and spherical symmetry of the model, the general solution can
be obtained by superposing the solutions of two elementary problems: hydrostatic pressure
and simple shear applied at infinity

Hydrostatic pressure

A displacement in the following form is applied to the boundary of the model:

0
0 — gor@ (B.20)
where n is the outward normal vector to the boundary. Due to the spherical symmetry,
the problem is one-dimensional. The solution of the displacement component u, is given
in each phase by the following form, in which Fj and Gy (k = 1.2) are constants which

should be determined for each layer:

1=

T

ulf) (r) = Fyr + G—Z’“ (B.21)
T
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The non-zero components of the stress tensor are thus found to be:

G
otF) = 3k, Fy, — 4gk7§ (B.22)
G
o) = 0% = 3kiFi + 2ng—§ (B.23)

The continuity of the radial stress and displacement at the interface between phases k
and k + 1 with radius r, considering a compliant interface given by the tensor Jj, implies
that (k= 1.2):

[Tk (re) + 35 (r)] Vie = Jie1 (i) Ve (B.24)
where
r L 4
Vi =[F Gl Jn(r) = roe |5 Tk = SRkl = g ORIk (B.25)
3ky, —4ﬁ 0 0

The relation between vectors Vi, and Vy, is given by:
Vipr = NV NG =308 () [T () + T, (1) (B.26)
The vectors V41 are related to the vector Vi by:
k
Vig = QPV, QW = H NGO (B.27)
=1
Given that in the particular case of this research there only potentially exists an im-

perfect interface between phases 2 and 3 (HGMS and cement matrix), J' (1) will be a
non-zero tensor only for £ = 2, which stands for the contact between these phases:

492 + 3k1 491 —g2)
(1 _ 4go + 3ko 7“:1)’ (492 + 3k2)
NU= si—k) g1+ 3k (B.28)
492 + 3ko 4g9 + 3ko

4gsry + 3kara + 12g3kany 4(gara — g3r2 + 4g2931%)

N®@ — 72 (493 + 3k3) r5 (4g3 + 3k3) (B.29)
37“%(k37“2 — korg + 3]?2]{3775‘) 4g2r2 =+ 3]’63?"2 — 12g2k‘3’l7§ ’
4g3 + 3k3 72 (493 + 3k3)
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To avoid a singularity at » = 0, G; = 0 should be used. Also, given the applied
0
displacement at infinity, 3 = 3" It permits to find:

1 otV

Fi=—F; F="1lp (B.30)
(2) o
11 11
(1) (2)

=g g _Qup (B.31)
(2) Q2
11 11

Simple shear

New boundary displacements are applied for this condition, reading in spherical coordi-
nates:

u® = ~rsin?  cos 2¢ (B.32)
u) = yrsin 0 cos 0 cos 2¢ (B.33)
ug = —yrsinfsin2¢ (B.34)

The displacement field in phase i is given by:

ul® = u®) (r) sin? 6 cos 2¢ (B.35)
u((,k) = Ue(k) (r) sin @ cos 6 cos 2¢ (B.36)
u((f) = Uq(sk) (r)sin @ sin 2¢ (B.37)

where U, Up and Uy, given below, are functions of r:

Vi Ck; 5 — 4I/k &

F) () = Aur — Bur® +3-% B.
up (1) kT 61 o v+ 3 T T o, 2 (B.38)
() = Apr — L= Wi 15 gCh | oDt B
Up (1) K T gy, kT 125 (B.39)
k k
o) = ~Ug () (B.40)

Equations B.35 to B.40 represent the boundary displacement for the simple shear con-
dition and the resulting displacement in each phase as a function of radius r. In these
equations, the terms associated with the constants Cy and Dy, are divided by the radius r.
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For phase 1, the initial value of the radius (r = 0) would lead to a singularity, so C; = 0
and Dy = 0 to avoid this singularity. Moreover, in phase n 4 1 the radius tends to infinity,
so the displacement values also tend to infinity, unless B,11 = 0. Then A,+1 = 7, so,
it is possible to represent the displacement imposed in the boundary region by applying
Equations B.35 to B.37. The interface conditions between phases k and k + 1 imply the
continuity of u,, ug, ug, oy, 0rg, 0rg, but only four of these conditions are independent. The
continuity conditions are written as:

(L (1) + L, ()] Wi = L1 (i) Wi (B.41)
where
r 6y, 3 3 5—4duy, 1
r i il
1oy rd 1 — 2u, 72
7 — 4y, 3 2 2
r _“ il
W, = [Ag, By, C, Di|™ 5 Ly(r) = Tl rt r
k = [Ak, B, Ci, D" 5 Li(r) = B, 12 2m—5)g
e 12 v, Ik sk v 13
T o 8 0 2014w gk
I T Ty Ok 59k ou 18
(B.42)
and Lj, stands for the compliant interface between two phases and can be defined as:
[ vy, 12 2(v,—5) 1 ]
n 2, n _ -~ n
gknk 1— 2 T T/k; 7“5 gknk 1(_ 2Vk; ) 7"3 gk‘nk
7+ 2Vk 8 2(v +1
¢ 2 t
W)= gk g, o s g, a9k (B.43)
0 0 0 0
0 0 0 0 |

Once more, by considering the imperfect interface between phases 2 and 3 (HGMS and

cement matrix), the tensor L), () will be not-zero only for the contact between them (i.e.

r =19, k = 2). Then, the relationships between vectors Wy and Wy, are given by:
Wi =MOW, o M® =L () [Ly () + L ()] (B.44)
The vectors Wy, are related to W by:
k
Wi =PHwW, ; PH=T]M" (B.45)
=1

As mentioned before, the parameters with known values are C; =0, D1 =0, B3 =0
and Az = 7. Therefore, one can obtain:
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PP A,

Ay = —— — (B.46)
RECREER
(2)
Py Aq
Bl = g (B.47)
Py — PPy
and one can obtain W5 as:
2
A PZ%(;)
w® = 3 P | —fa (B.48)
2 2 2 2
PR REE |0

Average strains in phase k

When uniform strain conditions ¢y = %OI + ep apply at infinity, the following volume and
deviatoric strains in each phase write as follows:

_ o -
0% = kg B.49
Fn+1 0 ( )
5 .5
o= L Ny o2 Tk~ Tk By | & (B.50)

k
Apta 5 (1—2u) (ri — 7“1?5_1)

By developing Equations B.49 and B.50 the following equations are obtained:

o _ (492 + 3k2) (493 + 37@3)‘9*0 (B.51)
X
X

00 =0, (B.53)

12g5kon™ 16 n 3
X = (g + 3k1) (493 + 3k + M) +3 (k1 — o) <492 Cdgs+ 9293772) <"”1>

T2 T2 T2
(B.54)
2 2 2

€0
(5—10m) (PP P33 — P P3Y)
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(2) (2) 5 .5
1 VA Py Yy + 3 (T:Ia T%) ]32(%)5/3
52 3 21 — 1 5(rf —13) _
er = @50 5@ p@ €o (B.56)
592(P11P22— 12P21)(V2—1)
e® =g (B.57)
Y1 =8g1 + Tg2 — 510 (291 + gz) (B.58)
Yo =12 [=7 (g1 — g2) + Tvo (291 + g2) + 3v1 (3g1 — 2492)] (B.59)
Y3 =17(g1+ 4g2) + 501 (91 — 8g2) (B.60)

By replacing the elastic properties of phase 1 with 0 (corresponding to the void space
inside the HGMS), one can obtain some reduced expressions of HY and H{ for the REV
considered in the lower part of Figure 6.2.1.

o _ (492 + 3k2) (493 + 3k3) -

X 6o (B.61)
g _ 492 (49;)(+ 3k3)§0 (B.62)
0®) = 0, (B.63)

12g3kony 16 n 3
X = 4gy (493 4 3ky + 932”2) 3k, (492 ~4gs + gzg?’”"’) (“) (B.64)

T2 T2 T2

2 2
o Py
2 2 2 2
Ry

(B.65)

2 2
) P P (5vy — 7) 2y ST
e = @@ _ @ p@ ot =) e €
5 — 1) (PYPS - PP 3Py (rf —73)
(B.66)
e =g (B.67)

Finally, having obtained the expressions of H;] and H ;3, by considering Equation B.19
and recalling the definition of Cp = 3kiJ + 2¢: K, it is possible to obtain A} as shown in
Equations 6.5.3 and 6.5.4. Thus, the homogenised parameters of the composite material
can be obtained by using Equation 6.2.1.

APPENDIX B. THEORETICAL FRAMEWORK OF THE HOMOGENISATION MODEL 197



Bibliography

1]

2]

[9]

3M, 3m microesferas - alta tecnologia para melhorar a performance de seus produtos
(2024). vi, 8

C. Martin, N. Scarponi, Y. Villagran, D. Manzanal, T. Piqué, Pozzolanic activity
quantification of hollow glass microspheres, Cement and Concrete Composites 118
(2021) 103981. doi:10.1016/j.cemconcomp.2021.103981. vi, 13, 15, 17, 18, 79

ASTM, Standard Practice for Measuring Hydration Kinetics of Hydraulic Cementi-
tious Mixtures Using Isothermal Calorimetry, Standard, American Society for Testing
and Materials, Pennsylvania, United States (2017). vii, 30, 49, 51

F. Carli, A. Motta, Particle size and surface area distributions of pharmaceutical
powders by microcomputerized mercury porosimetry, Journal of Pharmaceutical Sci-
ences 73 (2) (1984) 197-203. doi:https://doi.org/10.1002/jps.2600730213. x,
183, 184

H. Palmer, R. Rowe, The application of mercury porosimetry to porous polymer
powders, Powder Technology 9 (4) (1974) 181-186. doi:https://doi.org/10.1016/
0032-5910(74)80030-6. x, 183, 184

R. P. Mayer, R. A. Stowe, Mercury porosimetry—breakthrough pressure for pene-
tration between packed spheres, Journal of Colloid Science 20 (8) (1965) 893-911.
doi:https://doi.org/10.1016/0095-8522(65)90061-9. x, 183, 184

E. Emeruwa, J. Jarrige, J. Mexmain, M. Bernardin, Application of mercury porosime-
try to powder (uo2) analysis, Journal of Nuclear Materials 184 (1) (1991) 53-58.
doi:10.1016/0022-3115(91)905632-C. x, 183, 184

W. C. on Environment, Development, Our Common Future, Oxford paperbacks,
Oxford University Press, 1987.
URL https://books.google.com.ar/books?id=WQkPAQAAMAAJ 5

S. Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K. Averyt, M. Tignor,
H. Miller (Eds.), Climate Change 2007: The Physical Science Basis. Contribution of

BIBLIOGRAPHY 198


https://doi.org/10.1016/j.cemconcomp.2021.103981
https://doi.org/https://doi.org/10.1002/jps.2600730213
https://doi.org/https://doi.org/10.1016/0032-5910(74)80030-6
https://doi.org/https://doi.org/10.1016/0032-5910(74)80030-6
https://doi.org/https://doi.org/10.1016/0095-8522(65)90061-9
https://doi.org/10.1016/0022-3115(91)90532-C
https://books.google.com.ar/books?id=WQkPAQAAMAAJ
https://books.google.com.ar/books?id=WQkPAQAAMAAJ

Working Group I to the Fourth Assessment Report of the Intergovernmental Panel
on Climate Change, Cambridge University Press, Cambridge, United Kingdom and
New York, NY, USA, 2007. 5

[10] H. Lee, J. Romero (Eds.), Climate Change 2023: Synthesis Report. Contribution of
Working Groups I, IT and III to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change, Cambridge University Press, Geneva, Switzerland, 2023.
doi:10.59327/IPCC/AR6-9789291691647. 5, 6

[11] P. Ringrose, T. Meckel, Maturing global co2 storage resources on offshore continental
margins to achieve 2ds emissions reductions, Scientific Reports 9 (1) (2019) 17944.
d0i:10.1038/s41598-019-54363-z. 6

[12] E. S. Sanz-Pérez, C. R. Murdock, S. A. Didas, C. W. Jones, Direct capture of co2
from ambient air, Chemical Reviews 116 (19) (2016) 11840-11876. doi:10.1021/
acs.chemrev.6b00173. 7

[13] S. Jiang, J. Sun, S. Zhai, T. Yu, L. Sun, L. Yang, D. Zhai, C. Liu, Z. Li, G. Ren,
W. Deng, Ambient co2 capture and conversion into liquid fuel and fertilizer catalyzed
by a pdau nano-alloy, Cell Reports Physical Science 4 (2) (2023) 101248. doi:
10.1016/j.xcrp.2023.101248. 7

[14] B. Metz, O. Davidson, H. C. de Coninck, M. Loos, L. A. Meyer (Eds.), IPCC Spe-
cial Report on Carbon Dioxide Capture and Storage, Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA, 2007. 7

[15] A. Raza, R. Rezaee, R. Gholami, C. H. Bing, R. Nagarajan, M. A. Hamid, A screen-
ing criterion for selection of suitable co2 storage sites, Journal of Natural Gas Sci-
ence and Engineering 28 (2016) 317-327. doi:https://doi.org/10.1016/]. jngse.
2015.11.053. 7

[16] B. Jia, J.-S. Tsau, R. Barati, A review of the current progress of co2 injection eor
and carbon storage in shale oil reservoirs, Fuel 236 (2019) 404-427. doi:https:
//doi.org/10.1016/j.fuel.2018.08.103. 7

[17] M. Albertz, S. A. Stewart, R. Goteti, Perspectives on geologic carbon storage, Fron-
tiers in Energy Research 10 (2023). doi:10.3389/fenrg.2022.1071735. 7

[18] J. Luo, Y. Xie, M. Z. Hou, Y. Xiong, X. Wu, C. T. Liiddeke, L. Huang, Advances in
subsea carbon dioxide utilization and storage, Energy Reviews 2 (1) (2023) 100016.
doi:https://doi.org/10.1016/j.enrev.2023.100016. 7

[19] Co2 storage in depleted gas fields (2009). 7

BIBLIOGRAPHY 199


https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.1038/s41598-019-54363-z
https://doi.org/10.1021/acs.chemrev.6b00173
https://doi.org/10.1021/acs.chemrev.6b00173
https://doi.org/10.1016/j.xcrp.2023.101248
https://doi.org/10.1016/j.xcrp.2023.101248
https://doi.org/https://doi.org/10.1016/j.jngse.2015.11.053
https://doi.org/https://doi.org/10.1016/j.jngse.2015.11.053
https://doi.org/https://doi.org/10.1016/j.fuel.2018.08.103
https://doi.org/https://doi.org/10.1016/j.fuel.2018.08.103
https://doi.org/10.3389/fenrg.2022.1071735
https://doi.org/https://doi.org/10.1016/j.enrev.2023.100016

[20] A. S. Al-Yami, H. A. Nasr-El-Din, S. H. Al-Saleh, A. Al-Humaidi, C. Miller, H. Al-
Yami, Y. El-Marsafawi, Long-Term Evaluation of Low-Density Cement: Laboratory
Studies and Field Application, Society of Petroleum Engineers (2007) SPE-105340—
MSdoi:10.2118/105340-MS. 10, 15

[21] E. Fjeer, R. Holt, P. Horsrud, A. Raaen, R. Risnes, Petroleum Related Rock Mechan-
ics, Elsevier Science, 2002. 10

[22] E. B. Nelson, Well cementing, Newnes, 1990. 10

[23] A. Anya, Lightweight and Ultra-Lightweight Cements for Well Cementing - A Review,
Society of Petroleum Engineers (04 2018). doi:10.2118/190079-Ms. 10, 15

[24] T. M. Pique, F. Giurich, C. M. Martin, F. Spinazzola, D. G. Manzanal, Lightweight
cement-based materials, in: P. Samui, D. Kim, N. R. Iyer, S. Chaudhary (Eds.), New
Materials in Civil Engineering, butterwort Edition, Butterworth-Heinemann, 2020,
pp. 565-589. arXiv:arXiv:1011.1669v3, doi:10.1016/B978-0-12-818961-0.
00016-8. 10, 15, 16, 112

[25] S. Kosmatka, B. Kerkhoff, W. Panarese, J. Tanesi, Disenio y Control de Mezclas de
Concreto, Portland Cement Association, 2004. 11

[26] E. John, B. Lothenbach, Cement hydration mechanisms through time — a re-
view, Journal of Materials Science 58 (24) (2023) 9805-9833. doi:10.1007/
$10853-023-08651-9. 11

[27] Q. Zeng, K. Li, T. Fen-chong, P. Dangla, Determination of cement hydration and
pozzolanic reaction extents for fly-ash cement pastes, Construction and Building
Materials 27 (1) (2012) 560-569. doi:https://doi.org/10.1016/j.conbuildmat .
2011.07.007. 11

[28] V. H. Dodson, Concrete Admixtures, 1st Edition, Springer New York, NY, 2013.
doi:https://doi.org/10.1007/978-1-4757-4843-7. 12

[29] E. Berodier, K. Scrivener, Understanding the filler effect on the nucleation and growth
of c-s-h, Journal of the American Ceramic Society 97 (12) (2014) 3764-3773. doi:
https://doi.org/10.1111/jace.13177. 12, 47

[30] W. A. Gutteridge, J. A. Dalziel, Filler cement: The effect of the secondary component
on the hydration of portland cement: Part i. a fine non-hydraulic filler, Cement
and Concrete Research 20 (5) (1990) 778-782. doi:https://doi.org/10.1016/
0008-8846(90)90011-L. 12

[31] S. Donatello, M. Tyrer, C. Cheeseman, Comparison of test methods to assess poz-
zolanic activity, Cement and Concrete Composites 32 (2) (2010) 121-127. doi:
https://doi.org/10.1016/j.cemconcomp.2009.10.008. 13

BIBLIOGRAPHY 200


https://doi.org/10.2118/105340-MS
https://doi.org/10.2118/190079-MS
http://arxiv.org/abs/arXiv:1011.1669v3
https://doi.org/10.1016/B978-0-12-818961-0.00016-8
https://doi.org/10.1016/B978-0-12-818961-0.00016-8
https://doi.org/10.1007/s10853-023-08651-9
https://doi.org/10.1007/s10853-023-08651-9
https://doi.org/https://doi.org/10.1016/j.conbuildmat.2011.07.007
https://doi.org/https://doi.org/10.1016/j.conbuildmat.2011.07.007
https://doi.org/https://doi.org/10.1007/978-1-4757-4843-7
https://doi.org/https://doi.org/10.1111/jace.13177
https://doi.org/https://doi.org/10.1111/jace.13177
https://doi.org/https://doi.org/10.1016/0008-8846(90)90011-L
https://doi.org/https://doi.org/10.1016/0008-8846(90)90011-L
https://doi.org/https://doi.org/10.1016/j.cemconcomp.2009.10.008
https://doi.org/https://doi.org/10.1016/j.cemconcomp.2009.10.008

[32] J. C. Barria, D. Manzanal, P. Cerrutti, J.-M. Pereira, Cement with bacterial nanocel-
lulose cured at reservoir temperature: Mechanical performance in the context of co2
geological storage, Geomechanics for Energy and the Environment 30 (2022) 100267.
doi:10.1016/j.gete.2021.100267. 13, 96

[33] B. G. Kutchko, B. R. Strazisar, D. A. Dzombak, G. V. Lowry, N. Thaulow,
Degradation of well cement by co2 under geologic sequestration conditions, En-
vironmental Science & Technology 41 (13) (2007) 4787-4792, pMID: 17695930.
doi:10.1021/es062828c. 13, 14, 63, 72, 90

[34] A. Duguid, G. W. Scherer, Degradation of oilwell cement due to exposure to car-
bonated brine, International Journal of Greenhouse Gas Control 4 (2010) 546-560.
doi:10.1016/3.ijggc.2009.11.001. 13

[35] Q. Li, Y. M. Lim, K. M. Flores, K. Kranjc, , Y.-S. Jun, Chemical reactions of port-
land cement with aqueous co2 and their impacts on cement’s mechanical properties
under geologic co2 sequestration conditions, Environmental Science and Technology
49 (2015) 6335-6343. doi:10.1021/es5063488. 13

[36] O. Omosebi, H. Maheshwari, R. Ahmed, S. Shah, S. Osisanya, Experimental study
of the effects of co2 concentration and pressure at elevated temperature on the me-
chanical integrity of oil and gas well cement, Journal of Natural Gas Science and
Engineering 44 (2017) 299-313. doi:10.1016/j.jngse.2017.04.009. 13

[37] J. Shen, Reactive transport modeling of co2 through cementitious materials under
co2 geological storage conditions, Ph.D. thesis, Université Paris-Est (2013). 13

[38] A. Fatah, H. B. Mahmud, Z. Bennour, R. Gholami, M. Hossain, Geochemical mod-
elling of co2 interactions with shale: Kinetics of mineral dissolution and precipita-
tion on geological time scales, Chemical Geology 592 (2022) 120742. doi:https:
//doi.org/10.1016/j.chemgeo.2022.120742. 13

[39] V. Shah, K. Scrivener, B. Bhattacharjee, S. Bishnoi, Changes in microstructure char-
acteristics of cement paste on carbonation, Cement and Concrete Research 109 (2018)
184-197. doi:10.1016/j.cemconres.2018.04.016. 13

[40] S. von Greve-Dierfeld, B. Lothenbach, A. Vollpracht, B. Wu, B. Huet, C. Andrade,
C. Medina, C. Thiel, E. Gruyaert, H. Vanoutrive, I. F. Saéz del Bosque, 1. Ignjatovic,
J. Elsen, J. L. Provis, K. Scrivener, K.-C. Thienel, K. Sideris, M. Zajac, N. Alderete,
O. Cizer, P. Van den Heede, R. D. Hooton, S. Kamali-Bernard, S. A. Bernal, Z. Zhao,
Z. Shi, N. De Belie, Understanding the carbonation of concrete with supplementary
cementitious materials: a critical review by rilem tc 281-ccc, Materials and Structures
53 (6) (2020) 136. doi:10.1617/s11527-021-01658-1. 13, 14, 64

BIBLIOGRAPHY 201


https://doi.org/10.1016/j.gete.2021.100267
https://doi.org/10.1021/es062828c
https://doi.org/10.1016/j.ijggc.2009.11.001
https://doi.org/10.1021/es5063488
https://doi.org/10.1016/j.jngse.2017.04.009
https://doi.org/https://doi.org/10.1016/j.chemgeo.2022.120742
https://doi.org/https://doi.org/10.1016/j.chemgeo.2022.120742
https://doi.org/10.1016/j.cemconres.2018.04.016
https://doi.org/10.1617/s11527-021-01658-1

[41] L. E. Dalton, D. Crandall, M. Pour-Ghaz, Supercritical, liquid, and gas co2 reactive
transport and carbonate formation in portland cement mortar, International Journal
of Greenhouse Gas Control 116 (2022) 103632. doi:10.1016/7.1ijggc.2022.103632.
14

[42] Barlet-Gouédard, V., Rimmelé, G., Goffé, B., Porcherie, O., Well technologies for
co?2 geological storage: Co2-resistant cement, Oil & Gas Science and Technology -
Rev. IFP 62 (3) (2007) 325-334. doi:10.2516/0gst:2007027.

URL 10.2516/0gst:2007027 14, 63

[43] V. Barlet-Gouédard, G. Rimmelé, O. Porcherie, N. Quisel, J. Desroches, A so-
lution against well cement degradation under co2 geological storage environment,
International Journal of Greenhouse Gas Control 3 (2) (2009) 206-216. doi:
10.1016/3.ijggc.2008.07.005. 14, 63

[44] J. C. Barria, M. Bagheri, D. Manzanal, S. M. Shariatipour, J.-M. Pereira, Porome-
chanical analysis of oil well cements in co2-rich environments, International Journal
of Greenhouse Gas Control 119 (2022) 103734. doi:10.1016/j.1jggc.2022.103734.
14, 63, 68, 69, 72, 90

[45] B. L. de S. Costa, J. C. de O. Freitas, D. M. de A. Melo, R. G. da S. Araujo, Y. H.
de Oliveira, C. A. Siméo, Evaluation of density influence on resistance to carbonation
process in oil well cement slurries, Construction and Building Materials 197 (2019)
331-338. doi:https://doi.org/10.1016/j.conbuildmat.2018.11.232. 14, 69

[46] F.Li, Z. Zhang, J. Li, D. Pan, J. Feng, R. Shi, B. Li, Study on the strength of titanium
doped hollow glass microspheres, Journal of Non-Crystalline Solids 459 (2017) 18-25.
doi:https://doi.org/10.1016/j.jnoncrysol.2016.12.029. 15, 16

[47] R. C. Smith, C. A. Powers, T. A. Dobkins, New Ultra-Lightweight Cement With
Super Strength., JPT, Journal of Petroleum Technology 32 (8) (1980) 1438-1444.
doi:10.2118/8256-pa. 15, 16

[48] M. N. Abdullah, D. Bedford, S. R. Wong, H. S. Yap, Prehydrating High-strength
Microspheres in Lightweight Cement Slurry Creates Value for Offshore Malaysian
Operator, Society of Petroleum Engineers (2013) 1-9doi:10.2118/165796-ns. 16

[49] C. Mata, A. Calubayan, Use of Hollow Glass Spheres in Lightweight Cements - Selec-
tion Criteria, Society of Petroleum Engineers (2016) 25-27doi:10.2118/182399-ms.
16, 107

[50] F. J. Mavares, A. D. Pertuz, Disefio de un sistema cementante para pozos utilizados
en anclaje de plataformas de produccion en aguas profundas: Caso: Rio de Janeiro,
Brasil, Revista de la Facultad de Ingenieria Universidad Central de Venezuela 28

BIBLIOGRAPHY 202


https://doi.org/10.1016/j.ijggc.2022.103632
10.2516/ogst:2007027
10.2516/ogst:2007027
https://doi.org/10.2516/ogst:2007027
10.2516/ogst:2007027
https://doi.org/10.1016/j.ijggc.2008.07.005
https://doi.org/10.1016/j.ijggc.2008.07.005
https://doi.org/10.1016/j.ijggc.2022.103734
https://doi.org/https://doi.org/10.1016/j.conbuildmat.2018.11.232
https://doi.org/https://doi.org/10.1016/j.jnoncrysol.2016.12.029
https://doi.org/10.2118/8256-pa
https://doi.org/10.2118/165796-ms
https://doi.org/10.2118/182399-ms
http://ve.scielo.org/scielo.php?script=sci_arttext&pid=S0798-40652013000100009&nrm=iso
http://ve.scielo.org/scielo.php?script=sci_arttext&pid=S0798-40652013000100009&nrm=iso
http://ve.scielo.org/scielo.php?script=sci_arttext&pid=S0798-40652013000100009&nrm=iso

(2013) 73 - 81.
URL http://ve.scielo.org/scielo.php?script=sci_arttext&pid=
S0798-40652013000100009&nrm=iso 16

[51] F. Aslani, L. Wang, Development of strain-hardening lightweight engineered cemen-
titious composites using hollow glass microspheres, Structural Concrete 21 (2) (2020)
673-688. doi:10.1002/suco0.201900096. 16, 18

[52] F. Aslani, L. Wang, M. Zheng, The effect of carbon nanofibers on fresh and
mechanical properties of lightweight engineered cementitious composite using hol-
low glass microspheres, Journal of Composite Materials 53 (17) (2019) 2447-2464.
doi:10.1177/0021998319827078. 18

[53] American Petroleum Institute, API 10A: Cements and Materials for Well Cementing
- Twenty-fifth Edition (2019). 24, 25, 27

[54] ASTM, Standard Specification for Chemical Admixtures for Concrete, Standard,
American Society for Testing and Materials, Pennsylvania, United States (Mar.
2020). 24

[55] Petroquimica Cémodoro Rivadavia, CEMENTO PORTLAND “COMODORO ES-
PECIAL” API G/H grado HSR (5 2016). 25

[56] ASTM, Standard Test Methods for Sampling and Testing Fly Ash or Natural Poz-
zolans for Use in Portland-Cement Concrete, Standard, American Society for Testing
and Materials, Pennsylvania, United States (2018). 27, 38, 55

[57] American Petroleum Institute, API 10B-2: Recommended Practice for Testing Well
Cements, Second Edition (2013). 28

[58] V. K. C. B. L. M. Balthar, R. D. Toledo Filho, E. de Moraes Rego Fairbairn, C. R.
de Miranda, Durability of lightweight slurries for oilwell cementing, in: Concrete
under Severe Conditions - Environment and Loading, Vol. 711 of Key Engineer-
ing Materials, Trans Tech Publications Ltd, 2016, pp. 203-210. doi:10.4028/www.
scientific.net/KEM.711.203. 28, 104

[59] Investigation of Stability of Hollow Glass Spheres in Fluids and Cement Slurries for
Potential Field Applications in Saudi Arabia, Vol. All Days of SPE Kuwait Oil and
Gas Show and Conference. doi:10.2118/175189-MS. 28

[60] AFNOR, Addition for concrete - Metakaolin - Specifications and conformity criteria,
Standard, Association francaise de Normalisation, La Plaine Saint-Denis, France
(Aug. 2012). 29, 47

BIBLIOGRAPHY 203


http://ve.scielo.org/scielo.php?script=sci_arttext&pid=S0798-40652013000100009&nrm=iso
http://ve.scielo.org/scielo.php?script=sci_arttext&pid=S0798-40652013000100009&nrm=iso
https://doi.org/10.1002/suco.201900096
https://doi.org/10.1177/0021998319827078
https://doi.org/10.4028/www.scientific.net/KEM.711.203
https://doi.org/10.4028/www.scientific.net/KEM.711.203
https://doi.org/10.2118/175189-MS

[61] G. Cordeiro, P. Andredo, L. Tavares, Pozzolanic properties of ultrafine sugar cane
bagasse ash produced by controlled burning, Heliyon 5 (2019) €02566. doi:10.1016/
j.heliyon.2019.e02566. 30, 51

[62] 1. Pane, W. Hansen, Investigation of blended cement hydration by isothermal
calorimetry and thermal analysis, Cement and Concrete Research 35 (6) (2005) 1155
1164. doi:10.1016/j.cemconres.2004.10.027. 30, 51, 52

[63] P. Ghoddousi, L. Adelzade Saadabadi, Study on hydration products by electrical
resistivity for self-compacting concrete with silica fume and metakaolin, Construction
and Building Materials 154 (2017) 219-228. doi:10.1016/j.conbuildmat.2017.07.
178. 30, 52, 53

[64] J. Barria, Effect of a biopolymer on the mechanical and microstructural behaviour
of oilwell cement for CO? geological storage, Theses, Ecole des Ponts ParisTech ;
Universidad Nacional de la Patagonia San Juan Bosco (Dec. 2021).

URL https://pastel.hal.science/tel-03662874 31, 158

[65] M. Bai, Z. Zhang, X. Fu, A review on well integrity issues for co2 geological storage
and enhanced gas recovery, Renewable and Sustainable Energy Reviews 59 (2016)
920-926. doi:10.1016/j.rser.2016.01.043. 33

[66] M. I. ul Hassan, B. Pichler, R. Reihsner, C. Hellmich, Elastic and creep properties
of young cement paste, as determined from hourly repeated minute-long quasi-static
tests, Cement and Concrete Research 82 (2016) 36-49. 37

[67] M. Konigsberger, B. Pichler, C. Hellmich, Multiscale poro-elasticity of densifying
calcium-silicate hydrates in cement paste: An experimentally validated continuum
micromechanics approach, International Journal of Engineering Science 147 (2020)
103196. doi:10.1016/j.ijengsci.2019.103196. 37

[68] E. Binder, M. Kénigsberger, R. Diaz Flores, H. A. Mang, C. Hellmich, B. L. Pichler,
Thermally activated viscoelasticity of cement paste: Minute-long creep tests and

micromechanical link to molecular properties, Cement and Concrete Research 163
(2023) 107014. 37

[69] A. Zaoui, Continuum micromechanics: survey, Journal of Engineering Mechanics -
ASCE 128 (8) (2002) 808 816. doi:10.1061/(ASCE)0733-9399(2002) 128:8(808).
37, 105

[70] ASTM, Standard Test Method for Compressive Strength of Hydraulic Cement Mor-
tars (Using 2-in. or [50-mm| Cube Specimens), Standard, American Society for Test-
ing and Materials, Pennsylvania, United States (Mar. 2020). 38

BIBLIOGRAPHY 204


https://doi.org/10.1016/j.heliyon.2019.e02566
https://doi.org/10.1016/j.heliyon.2019.e02566
https://doi.org/10.1016/j.cemconres.2004.10.027
https://doi.org/10.1016/j.conbuildmat.2017.07.178
https://doi.org/10.1016/j.conbuildmat.2017.07.178
https://pastel.hal.science/tel-03662874
https://pastel.hal.science/tel-03662874
https://pastel.hal.science/tel-03662874
https://doi.org/10.1016/j.rser.2016.01.043
https://doi.org/10.1016/j.ijengsci.2019.103196
https://doi.org/10.1061/(ASCE)0733-9399(2002)128:8(808)

[71] S. Ghabezloo, J. Sulem, S. Guédon, F. Martineau, J. Saint-Marc, Poromechanical
behaviour of hardened cement paste under isotropic loading, Cement and Concrete
Research 38 (12) (2008) 1424-1437. doi:10.1016/j.cemconres.2008.06.007. 42,
111

[72] R. S. K. Scrivener, B. Lothenbach, A Practical Guide to Microstructural Analysis of
Cementitious Materials, 1st Edition, CRC Press, 2016. 44, 81, 82

[73] J. Zhang, G. W. Scherer, Comparison of methods for arresting hydration of cement,
Cement and Concrete Research 41 (2011) 1024-1036. doi:10.1016/j.cemconres.
2011.06.003. 45

[74] H. A. Ali, D. Xuan, C. S. Poon, Assessment of long-term reactivity of initially
lowly-reactive solid wastes as supplementary cementitious materials (scms), Con-
struction and Building Materials 232 (2020) 117192. doi:10.1016/j.conbuildmat.
2019.117192. 47, 48

[75] E. Vejmelkova, D. Kondkova, M. Dolezelovd, L. Scheinherrové, P. Svora, M. Keppert,
P. Reiterman, R. Cerny, Effect of calcined czech claystone on the properties of high
performance concrete: Microstructure, strength and durability, Construction and
Building Materials 168 (2018) 966-974. doi:10.1016/j.conbuildmat.2018.02.204.
47, 48

[76] E. Ferraz, S. Andrejkovicova, W. Hajjaji, A. L. Velosa, A. S. Silva, F. Rocha, Poz-
zolanic activity of metakaolins by the french standard of the modified chapelle test:
A direct methodology, Acta Geodynamica et Geomaterialia 12 no. 3 (2015) 289-298.
doi:10.13168/AGG.2015.0026. 48, 60

[77] S. Hua, L. Zhang, J. Zhang, M. Jiang, D. Guo, F. Tong, Y. Zhao, Study on physi-
cal and chemical properties of high magnesium nickel slag-phosphogysum composite
cementitious materials in different particle sizes, Journal of Advanced Concrete Tech-
nology 18 (2020) 129-183. doi:10.3151/jact.18.129. 50

[78] C. Ouellet-Plamondon, S. Scherb, M. Kéberl, K.-C. Thienel, Acceleration of cement
blended with calcined clays, Construction and Building Materials 245 (2020) 118439.
doi:10.1016/j.conbuildmat.2020.118439. 51

[79] S. Velazquez, J. Monzd, M. Borrachero, L. Soriano, J. Paya, Evaluation of the poz-
zolanic activity of spent fcc catalyst/fly ash mixtures in portland cement pastes,
Thermochimica Acta 632 (2016) 29-36. doi:10.1016/j.tca.2016.03.011. 52, 53,
54

[80] A. M. Matos, J. Sousa-Coutinho, Durability of mortar using waste glass powder as
cement replacement, Construction and Building Materials 36 (2012) 205-215. doi:
10.1016/j.conbuildmat.2012.04.027. 55

BIBLIOGRAPHY 205


https://doi.org/10.1016/j.cemconres.2008.06.007
https://doi.org/10.1016/j.cemconres.2011.06.003
https://doi.org/10.1016/j.cemconres.2011.06.003
https://doi.org/10.1016/j.conbuildmat.2019.117192
https://doi.org/10.1016/j.conbuildmat.2019.117192
https://doi.org/10.1016/j.conbuildmat.2018.02.204
https://doi.org/10.13168/AGG.2015.0026
https://doi.org/10.3151/jact.18.129
https://doi.org/10.1016/j.conbuildmat.2020.118439
https://doi.org/10.1016/j.tca.2016.03.011
https://doi.org/10.1016/j.conbuildmat.2012.04.027
https://doi.org/10.1016/j.conbuildmat.2012.04.027

[81] R. Idir, M. Cyr, A. Tagnit-Hamou, Pozzolanic properties of fine and coarse
color-mixed glass cullet, Cement and Concrete Composites 33 (1) (2011) 19-29.
doi:10.1016/j.cemconcomp.2010.09.013.

URL https://www.sciencedirect.com/science/article/pii/
S50958946510001435 55

[82] A. H. Ismail, A. Kusbiantoro, S. C. Chin, K. Muthusamy, M. Islam, K. F. Tee,
Pozzolanic reactivity and strength activity index of mortar containing palm oil
clinker pretreated with hydrochloric acid, Journal of Cleaner Production 242 (2020)
118565. doi:10.1016/j.jclepro.2019.118565.

URL https://www.sciencedirect.com/science/article/pii/
S0959652619334353 55

[83] ASTM, Standard Specification for Coal Fly Ash and Raw or Calcined Natural Poz-
zolan for Use in Concrete, Standard, American Society for Testing and Materials,
Pennsylvania, United States (2012). 55

[84] A. L. Brooks, H. Zhou, D. Hanna, Comparative study of the mechanical and ther-
mal properties of lightweight cementitious composites, Construction and Building
Materials 159 (2018) 316-328. doi:10.1016/].conbuildmat.2017.10.102. 56, 107

[85] O.S. Baghabra Al-Amoudi, W. A. Al-Kutti, S. Ahmad, M. Maslehuddin, Correlation
between compressive strength and certain durability indices of plain and blended
cement concretes, Cement and Concrete Composites 31 (9) (2009) 672-676. doi:
https://doi.org/10.1016/j.cemconcomp.2009.05.005. 57

[86] Performance of lightweight cement pastes under CO2 storage conditions, Vol. 16,
Social Science Research Network, Lyon, France, 2022. 64

[87] CO2 geological storage: evaluation of lightweight cement for injection well, Vol. 9,
International Society for Rock Mechanics, Asuncién, Paraguay, 2022. 64

[88] Z. Yu, C. Ni, M. Tang, X. Shen, Relationship between water permeability and pore
structure of portland cement paste blended with fly ash, Construction and Build-
ing Materials 175 (2018) 458-466. doi:https://doi.org/10.1016/j.conbuildmat .
2018.04.147. 64

[89] I. Odler, M. RoBler, Investigations on the relationship between porosity, structure
and strength of hydrated portland cement pastes. ii. effect of pore structure and of
degree of hydration, Cement and Concrete Research 15 (3) (1985) 401-410. doi:
10.1016/0008-8846(85)90113-9. 64

[90] T. C. POWERS, Structure and physical properties of hardened portland cement
paste, Journal of the American Ceramic Society 41 (1) (1958) 1-6. doi:https:
//doi.org/10.1111/3j.1151-2916.1958.tb13494.x. 65, 104

BIBLIOGRAPHY 206


https://www.sciencedirect.com/science/article/pii/S0958946510001435
https://www.sciencedirect.com/science/article/pii/S0958946510001435
https://doi.org/10.1016/j.cemconcomp.2010.09.013
https://www.sciencedirect.com/science/article/pii/S0958946510001435
https://www.sciencedirect.com/science/article/pii/S0958946510001435
https://www.sciencedirect.com/science/article/pii/S0959652619334353
https://www.sciencedirect.com/science/article/pii/S0959652619334353
https://doi.org/10.1016/j.jclepro.2019.118565
https://www.sciencedirect.com/science/article/pii/S0959652619334353
https://www.sciencedirect.com/science/article/pii/S0959652619334353
https://doi.org/10.1016/j.conbuildmat.2017.10.102
https://doi.org/https://doi.org/10.1016/j.cemconcomp.2009.05.005
https://doi.org/https://doi.org/10.1016/j.cemconcomp.2009.05.005
https://doi.org/https://doi.org/10.1016/j.conbuildmat.2018.04.147
https://doi.org/https://doi.org/10.1016/j.conbuildmat.2018.04.147
https://doi.org/10.1016/0008-8846(85)90113-9
https://doi.org/10.1016/0008-8846(85)90113-9
https://doi.org/https://doi.org/10.1111/j.1151-2916.1958.tb13494.x
https://doi.org/https://doi.org/10.1111/j.1151-2916.1958.tb13494.x

[91] L. Cui, J. H. Cahyadi, Permeability and pore structure of opc paste, Cement
and Concrete Research 31 (2) (2001) 277-282. doi:https://doi.org/10.1016/
S0008-8846(00)00474-9. 65

[92] Z. Liu, D. Winslow, Sub-distributions of pore size: A new approach to correlate pore
structure with permeability, Cement and Concrete Research 25 (4) (1995) 769-778.
doi:https://doi.org/10.1016/0008-8846(95)00067-M. 65

[93] S. Goto, D. M. Roy, The effect of w/c ratio and curing temperature on the permeabil-
ity of hardened cement paste, Cement and Concrete Research 11 (4) (1981) 575-579.
doi:https://doi.org/10.1016/0008-8846(81)90087-9. 65

[94] V. Vallin, J. Pereira, A. Fabbri, H. Wong, Numerical modelling of the hydro-chemo-
mechanical behaviour of geomaterials in the context of co2 injection, International
Journal for Numerical and Analytical Methods in Geomechanics 37 (17) (2013) 3052
3069. doi:https://doi.org/10.1002/nag.2192. 65

[95] S. Caré, Effect of temperature on porosity and on chloride diffusion in cement pastes,
Construction and Building Materials 22 (7) (2008) 1560-1573. doi:https://doi.
org/10.1016/j.conbuildmat.2007.03.018. 66

[96] X. Chen, S. Wu, Influence of water-to-cement ratio and curing period on pore struc-
ture of cement mortar, Construction and Building Materials 38 (2013) 804-812.
doi:10.1016/j.conbuildmat.2012.09.058. 66

[97] Z. Zhang, G. W. Scherer, A. Bauer, Morphology of cementitious material during
early hydration, Cement and Concrete Research 107 (2018) 85-100. doi:10.1016/
j.cemconres.2018.02.004. 66

[98] H. M. JENNINGS, B. J. DALGLEISH, P. L. PRATT, Morphological development of
hydrating tricalcium silicate as examined by electron microscopy techniques, Journal
of the American Ceramic Society 64 (10) (1981) 567-572. doi:https://doi.org/
10.1111/35.1151-2916.1981.tb10219.x. 66

[99] J. Chen, Z. Li, X. Jin, Critical features of microstructure development of early-age
cement paste revealed by non-contact electrical resistivity measurement, Construc-
tion and Building Materials 154 (2017) 1121-1129. doi:10.1016/j.conbuildmat.
2017.08.046. 66

[100] B. M. Huet, J. H. Prevost, G. W. Scherer, Quantitative reactive transport modeling
of portland cement in co2-saturated water, International Journal of Greenhouse Gas
Control 4 (3) (2010) 561-574. doi:https://doi.org/10.1016/j.1ijggc.2009.11.
003. 69

BIBLIOGRAPHY 207


https://doi.org/https://doi.org/10.1016/S0008-8846(00)00474-9
https://doi.org/https://doi.org/10.1016/S0008-8846(00)00474-9
https://doi.org/https://doi.org/10.1016/0008-8846(95)00067-M
https://doi.org/https://doi.org/10.1016/0008-8846(81)90087-9
https://doi.org/https://doi.org/10.1002/nag.2192
https://doi.org/https://doi.org/10.1016/j.conbuildmat.2007.03.018
https://doi.org/https://doi.org/10.1016/j.conbuildmat.2007.03.018
https://doi.org/10.1016/j.conbuildmat.2012.09.058
https://doi.org/10.1016/j.cemconres.2018.02.004
https://doi.org/10.1016/j.cemconres.2018.02.004
https://doi.org/https://doi.org/10.1111/j.1151-2916.1981.tb10219.x
https://doi.org/https://doi.org/10.1111/j.1151-2916.1981.tb10219.x
https://doi.org/10.1016/j.conbuildmat.2017.08.046
https://doi.org/10.1016/j.conbuildmat.2017.08.046
https://doi.org/https://doi.org/10.1016/j.ijggc.2009.11.003
https://doi.org/https://doi.org/10.1016/j.ijggc.2009.11.003

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

I.-S. Yoon, O. Copuroglu, K.-B. Park, Effect of global climatic change on carbonation
progress of concrete, Atmospheric Environment 41 (34) (2007) 7274-7285. doi:
https://doi.org/10.1016/j.atmosenv.2007.05.028. 69

Z. Xu, Z. Zhang, J. Huang, K. Yu, G. Zhong, F. Chen, X. Chen, W. Yang, Y. Wang,
Effects of temperature, humidity and co2 concentration on carbonation of cement-
based materials: A review, Construction and Building Materials 346 (2022) 128399.
doi:https://doi.org/10.1016/j.conbuildmat.2022.128399. 69

E. Jobard, Modélisation expérimentale du stockage géologique du co2 : étude par-

ticuliere des interfaces entre ciment de puits, roche reservoir et roche couverture.,
Ph.D. thesis, Université de Lorraine (2013). 72

Effects of the Presence of CO2 at the Well/Caprock Interface: Crystallization Dam-
age, Vol. Volume 6: Polar and Arctic Sciences and Technology; Offshore Geotechnics;
Petroleum Technology Symposium of International Conference on Offshore Mechan-
ics and Arctic Engineering. doi:10.1115/0MAE2013-11543, 72

M. Bagheri, S. M. Shariatipour, E. Ganjian, A review of oil well cement alteration
in co2-rich environments, Construction and Building Materials 186 (2018) 946-968.
doi:10.1016/j.conbuildmat.2018.07.250. 72

X. You, X. Hu, P. He, J. Liu, C. Shi, A review on the modelling of carbonation of
hardened and fresh cement-based materials, Cement and Concrete Composites 125
(2022) 104315. doi:10.1016/j.cemconcomp.2021.104315. 72

R. Chang, S. Kim, S. Lee, S. Choi, M. Kim, Y. Park, Calcium carbonate precipitation
for co2 storage and utilization: A review of the carbonate crystallization and polymor-
phism, Frontiers in Energy Research 5 (2017) 17. doi:10.3389/fenrg.2017.00017.
74

I. Galan, B. Purgstaller, C. Grengg, B. Miiller, M. Dietzel, Amorphous and crystalline
cacod phase transformation at high solid/liquid ratio — insight to a novel binder
system, Journal of Crystal Growth 580 (2022) 126465. doi:https://doi.org/10.
1016/j. jcrysgro.2021.126465. 74

S. Ghabezloo, J. Sulem, J. Saint-Marc, The effect of undrained heating on a fluid-
saturated hardened cement paste, Cement and Concrete Research 39 (1) (2009) 54—
64. doi:10.1016/j.cemconres.2008.09.004. 75

M. Thiery, G. Villain, P. Dangla, G. Platret, Investigation of the carbonation front
shape on cementitious materials: Effects of the chemical kinetics, Cement and
Concrete Research 37 (7) (2007) 1047-1058. doi:https://doi.org/10.1016/7.
cemconres.2007.04.002. 75

BIBLIOGRAPHY 208


https://doi.org/https://doi.org/10.1016/j.atmosenv.2007.05.028
https://doi.org/https://doi.org/10.1016/j.atmosenv.2007.05.028
https://doi.org/https://doi.org/10.1016/j.conbuildmat.2022.128399
https://doi.org/10.1115/OMAE2013-11543
https://doi.org/10.1016/j.conbuildmat.2018.07.250
https://doi.org/10.1016/j.cemconcomp.2021.104315
https://doi.org/10.3389/fenrg.2017.00017
https://doi.org/https://doi.org/10.1016/j.jcrysgro.2021.126465
https://doi.org/https://doi.org/10.1016/j.jcrysgro.2021.126465
https://doi.org/10.1016/j.cemconres.2008.09.004
https://doi.org/https://doi.org/10.1016/j.cemconres.2007.04.002
https://doi.org/https://doi.org/10.1016/j.cemconres.2007.04.002

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

American Petroleum Institute, Api 19¢: Measurement of and specifications for prop-
pants used in hydraulic fracturing and gravel-packing operations (2020). 78

A. Hanif, P. Parthasarathy, Z. Lu, M. Sun, Z. Li, Fiber-reinforced cementitious
composites incorporating glass cenospheres — mechanical properties and microstruc-
ture, Construction and Building Materials 154 (2017) 529-538. doi:10.1016/7.
conbuildmat.2017.07.235. 78, 80

N. Kabay, N. Miyan, H. Ozkan, Utilization of pumice powder and glass microspheres
in cement mortar using paste replacement methodology, Construction and Building
Materials 282 (2021) 122691. doi:10.1016/j.conbuildmat.2021.122691. 78, 80

K. J. Krakowiak, R. G. Nannapaneni, A. Moshiri, T. Phatak, D. Stefaniuk, L. Sad-
owski, M. J. A. Qomi, Engineering of high specific strength and low thermal conduc-
tivity cementitious composites with hollow glass microspheres for high-temperature
high-pressure applications, Cement and Concrete Research 108 (2020) 103514. doi:
10.1016/j.cemconcomp.2020.103514. 79, 80

F. de Larrard, T. Sedran, Mixture-proportioning of high-performance concrete,
Cement and Concrete Research 32 (11) (2002) 1699-1704.  doi:10.1016/
S0008-8846(02)00861-X. 79

N. Wardlaw, M. McKellar, Mercury porosimetry and the interpretation of pore ge-
ometry in sedimentary rocks and artificial models, Powder Technology 29 (1) (1981)
127-143. doi:https://doi.org/10.1016/0032-5910(81)85011-5. 81

Y. Zhang, K. Wu, Z. Yang, G. Ye, A reappraisal of the ink-bottle effect and pore struc-
ture of cementitious materials using intrusion-extrusion cyclic mercury porosimetry,
Cement and Concrete Research 161 (2022) 106942. doi:10.1016/j.cemconres.
2022.106942. 82, 84

G. Loubrieu, M. L. Gall, D. Priour, G. Stewart, D. Melot, P.-Y. L. Gac, Hydrostatic
strength of hollow glass microspheres composites: Influencing factors and modelling,
Composites Part C: Open Access 8 (2022) 100286. doi:10.1016/j.jcomc.2022.
100286. 85

D. Manzanal, V. Vallin, J.-M. Pereira, A chemo-poromechanical model for
well/caprock interface in presence of co2, in: Poromechanics V: Proceedings of the
Fifth Biot Conference on Poromechanics, Vienna, Austria, 2013, pp. 1470-1477.
doi:10.1061/9780784412992.175. 96

C.-J. Haecker, E. Garboczi, J. Bullard, R. Bohn, Z. Sun, S. Shah, T. Voigt, Modeling
the linear elastic properties of portland cement paste, Cement and Concrete Research
35 (10) (2005) 1948-1960. doi:https://doi.org/10.1016/j.cemconres.2005.05.
001. 104, 112

BIBLIOGRAPHY 209


https://doi.org/10.1016/j.conbuildmat.2017.07.235
https://doi.org/10.1016/j.conbuildmat.2017.07.235
https://doi.org/10.1016/j.conbuildmat.2021.122691
https://doi.org/10.1016/j.cemconcomp.2020.103514
https://doi.org/10.1016/j.cemconcomp.2020.103514
https://doi.org/10.1016/S0008-8846(02)00861-X
https://doi.org/10.1016/S0008-8846(02)00861-X
https://doi.org/https://doi.org/10.1016/0032-5910(81)85011-5
https://doi.org/10.1016/j.cemconres.2022.106942
https://doi.org/10.1016/j.cemconres.2022.106942
https://doi.org/10.1016/j.jcomc.2022.100286
https://doi.org/10.1016/j.jcomc.2022.100286
https://doi.org/10.1061/9780784412992.175
https://doi.org/https://doi.org/10.1016/j.cemconres.2005.05.001
https://doi.org/https://doi.org/10.1016/j.cemconres.2005.05.001

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

R. A. Helmuth, D. H. Turk, Elastic Moduli of Hardened Portland Cement and Tri-
calcium Silicate Pastes: Effect of Porosity, Tech. rep., Portland Cement Association
(1966).

URL https://hal.science/hal-03952996 104, 112

R. Feldman, J. Beaudoin, Microstructure and strength of hydrated cement, Ce-
ment and Concrete Research 6 (3) (1976) 389-400. doi:https://doi.org/10.1016/
0008-8846(76)90102-2. 104, 112

S. Kolias, Investigation of the possibility of estimating concrete strength by poros-
ity measurements, Materials and Structures 27 (5) (1994) 265-272. doi:10.1007/
BF02473043. 104, 112

M. F. Kaplan, The effects of age and water/cement ratio upon the relation between
ultrasonic pulse velocity and compressive strength of concrete, Magazine of Concrete
Research 11 (32) (1959) 85-92. doi:10.1680/macr.1959.11.32.85. 104

V. N. Lima, H. J. Skadsem, K. Beltran-Jiménez, A. Zhemchuzhnikov, R. Q. Velloso,
F. de Andrade Silva, Triaxial behavior of a stabilized and a highly porous oil well
cement paste at different saturation and drainage conditions, Journal of Petroleum
Science and Engineering 219 (2022) 111055. doi:10.1016/j.petrol.2022.111055.
111, 112, 114, 115

K. Zhang, L.-Y. Zhao, T. Ni, Q.-Z. Zhu, J. Shen, Y.-H. Fan, Experimental investi-
gation and multiscale modeling of reactive powder cement pastes subject to triax-
ial compressive stresses, Construction and Building Materials 224 (2019) 242-254.
doi:10.1016/j.conbuildmat.2019.07.049. 112, 114, 115

I. Imran, S. J. Pantazopoulou, Experimental study of plain concrete under triaxial
stress, ACI Materials Journal 93 (6) (November 1996). doi:10.14359/9865. 112

X. Cheng, H. Chen, S. Huang, Z. Li, X. Guo, Improvement of the properties of
plasma-modified ground tire rubber-filled cement paste, Journal of Applied Polymer
Science 126 (6) (2012) 1837-1843. doi:10.1002/app.36907. 112, 113

I. Takla, Y. Jia, T. Rougelot, N. Burlion, Influence of pre-carbonation on hydro-
mechanical properties of cement paste subjected to leaching, Materials and Structures
55 (4) (2022) 741-746. doi:10.1617/s11527-022-01975-=z. 120, 121, 123

I. Yurtdas, S. Xie, N. Burlion, J. Shao, J. Saint-Marc, A. Garnier, Influence of
chemical degradation on mechanical behavior of a petroleum cement paste, Cement
and Concrete Research 41 (4) (2011) 412-421. doi:10.1016/j.cemconres.2011.
01.008. 120, 121, 124

BIBLIOGRAPHY 210


https://hal.science/hal-03952996
https://hal.science/hal-03952996
https://hal.science/hal-03952996
https://doi.org/https://doi.org/10.1016/0008-8846(76)90102-2
https://doi.org/https://doi.org/10.1016/0008-8846(76)90102-2
https://doi.org/10.1007/BF02473043
https://doi.org/10.1007/BF02473043
https://doi.org/10.1680/macr.1959.11.32.85
https://doi.org/10.1016/j.petrol.2022.111055
https://doi.org/10.1016/j.conbuildmat.2019.07.049
https://doi.org/10.14359/9865
https://doi.org/10.1002/app.36907
https://doi.org/10.1617/s11527-022-01975-z
https://doi.org/10.1016/j.cemconres.2011.01.008
https://doi.org/10.1016/j.cemconres.2011.01.008

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

T. Bibi, A. Ali, J. Zhang, A. Naseer, S. Ul Islam, Microscopic analysis of the dele-
terious effects of ammonium nitrate fertilizer on concrete, Construction and Build-
ing Materials 249 (2020) 118716. doi:https://doi.org/10.1016/j.conbuildmat .
2020.118716. 121

R. Jauberthie, F. Rendell, Physicochemical study of the alteration surface of concrete
exposed to ammonium salts, Cement and Concrete Research 33 (1) (2003) 85-91.
doi:https://doi.org/10.1016/S0008-8846(02)00929-8. 121

I. Takla, N. Burlion, J.-F. Shao, J. Saint-Marc, A. Garnier, Effects of the storage
of co2 on multiaxial mechanical and hydraulic behaviors of oil-well cement, Journal
of Materials in Civil Engineering 23 (6) (2011) 741-746. doi:10.1061/(ASCE)MT.
1943-5533.0000174. 123

F. Heukamp, F.-J. Ulm, J. Germaine, Mechanical properties of calcium-leached ce-
ment pastes: Triaxial stress states and the influence of the pore pressures, Cement and
Concrete Research 31 (5) (2001) 767-774. doi:10.1016/S0008-8846(01)00472-0.
124

S. Xie, J. Shao, N. Burlion, Experimental study of mechanical behaviour of cement
paste under compressive stress and chemical degradation, Cement and Concrete Re-
search 38 (12) (2008) 1416-1423. doi:10.1016/j.cemconres.2008.06.011. 124

S. Kamali, B. Gérard, M. Moranville, Modelling the leaching kinetics of cement-based
materials—influence of materials and environment, Cement and Concrete Compos-
ites 25 (4) (2003) 451-458, concrete Durability. doi:https://doi.org/10.1016/
S0958-9465(02)00085-9. 124

T. de Larrard, F. Benboudjema, J. Colliat, J. Torrenti, F. Deleruyelle, Concrete
calcium leaching at variable temperature: Experimental data and numerical model
inverse identification, Computational Materials Science 49 (1) (2010) 35-45. doi:
https://doi.org/10.1016/j.commatsci.2010.04.017. 124

S. Bahafid, S. Ghabezloo, P. Faure, M. Duc, J. Sulem, Effect of the hydration tem-
perature on the pore structure of cement paste: Experimental investigation and
micromechanical modelling, Cement and Concrete Research 111 (September 2017)
(2018) 1-14. doi:10.1016/j.cemconres.2018.06.014. 124

X. Yao, S. D. Hua, U. Nanjng, Design of a Novel Composite Agent for Improving
the Toughness of Oil w ell Cement Sheath, Society of Petroleum Engineers (2007).
doi:10.2118/106010-MS. 129

P. Singh, M. P. Sinha, K. Lal, S. K. Malhotra, P. Kumar, Stress Modelling and
Design of Elastic Cement System to Withstand Well-Bore Pressure During Hydro-

BIBLIOGRAPHY 211


https://doi.org/https://doi.org/10.1016/j.conbuildmat.2020.118716
https://doi.org/https://doi.org/10.1016/j.conbuildmat.2020.118716
https://doi.org/https://doi.org/10.1016/S0008-8846(02)00929-8
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000174
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000174
https://doi.org/10.1016/S0008-8846(01)00472-0
https://doi.org/10.1016/j.cemconres.2008.06.011
https://doi.org/https://doi.org/10.1016/S0958-9465(02)00085-9
https://doi.org/https://doi.org/10.1016/S0958-9465(02)00085-9
https://doi.org/https://doi.org/10.1016/j.commatsci.2010.04.017
https://doi.org/https://doi.org/10.1016/j.commatsci.2010.04.017
https://doi.org/10.1016/j.cemconres.2018.06.014
https://doi.org/10.2118/106010-MS

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

Fracturing and Casing Integrity Testing . Stress Modeling, Society of Petroleum
Engineers (2017). doi:10.2118/185402-MS. 129

Y. Yan, Z. Guan, W. Yan, H. Wang, Mechanical response and damage mechanism of
cement sheath during perforation in oil and gas well, Journal of Petroleum Science
and Engineering 188 (2020) 106924. doi:10.1016/j.petrol.2020.106924. 129

E. Herve, A. Zaoui, n-Layered Inclusion-Based Micromechanical Modelling, Interna-
tional Journal of Engineering Science 31 (1993) 1-10. doi:10.1016/0020-7225(93)
90059-4. 129, 133, 134, 136, 192

S. Ghabezloo, A micromechanical model for the effective compressibility of sand-
stones, European Journal of Mechanics A/ Solids 51 (2015) 140-153. doi:10.1016/
j.euromechsol.2014.12.007. 129, 133, 136, 190, 192

L. Dormieux, D. Kondo, F.-J. Ulm, Microporomechanics, John Wiley & Sons Inc,
2006. 129, 188, 189

O. Bernard, F.-J. Ulm, E. Lemarchand, A multiscale micromechanics-hydration
model for the early-age elastic properties of cement-based materials, Cement and
Concrete Research 33 (9) (2003) 1293-1309. 129

F.-J. Ulm, G. Constantinides, F. H. Heukamp, Is concrete a poromechanics mate-
rial? - A multiscale investigation of poroelastic properties, Materials and Structures
37 (265) (2004) 43-58. doi:10.1617/14100. 129

J. Sanahuja, L. Dormieux, G. Chanvillard, Modelling elasticity of a hydrating cement
paste, Cement and Concrete Research 37 (10) (2007) 1427-1439. doi:10.1016/7.
cemconres.2007.07.003. 129

S. Ghabezloo, Association of macroscopic laboratory testing and micromechanics
modelling for the evaluation of the poroelastic parameters of a hardened cement
paste, Cement and Concrete Research 40 (8) (2010) 1197-1210. doi:10.1016/7.
cemconres.2010.03.016. 129

B. Pichler, C. Hellmich, Upscaling quasi-brittle strength of cement paste and mortar:
A multi-scale engineering mechanics model, Cement and Concrete Research 41 (5)
(2011) 467-476. doi:10.1016/j.cemconres.2011.01.010. 129

W. Wilson, J. Rivera-Torres, L. Sorelli, A. Duran-Herrera, A. Tagnit-Hamou, The
micromechanical signature of high-volume natural pozzolan concrete by combined
statistical nanoindentation and sem-eds analyses, Cement and Concrete Research 91
(2017) 1-12. 132

BIBLIOGRAPHY 212


https://doi.org/10.2118/185402-MS
https://doi.org/10.1016/j.petrol.2020.106924
https://doi.org/10.1016/0020-7225(93)90059-4
https://doi.org/10.1016/0020-7225(93)90059-4
https://doi.org/10.1016/j.euromechsol.2014.12.007
https://doi.org/10.1016/j.euromechsol.2014.12.007
https://doi.org/10.1617/14100
https://doi.org/10.1016/j.cemconres.2007.07.003
https://doi.org/10.1016/j.cemconres.2007.07.003
https://doi.org/10.1016/j.cemconres.2010.03.016
https://doi.org/10.1016/j.cemconres.2010.03.016
https://doi.org/10.1016/j.cemconres.2011.01.010

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

L. Yu, S. Zhou, W. Deng, Properties and pozzolanic reaction degree of tuff in cement-
based composite, Advances in concrete construction 3 (2015) 71-90. doi:10.12989/
acc.2015.3.1.071. 132

J. Eshelby, The determination of the elastic field of an ellipsoidal inclusion, and
related problems, Proceedings of the Royal Society of London. Series A, Mathematical
and Physical Sciences (1957) 376-396. 133, 150, 189

Y. Benveniste, The effective mechanical behaviour of composite materials with imper-
fect contact between the constituents, Mechanics of Materials 4 (2) (1985) 197-208.
doi:10.1016/0167-6636(85)90016-X. 136

J. Qu, The effect of slightly weakened interfaces on the overall elastic properties of
composite materials, Mechanics of Materials 14 (4) (1993) 269-281. doi:10.1016/
0167-6636(93)90082-3. 136, 190

Y. Wu, Z. Ling, Z. Dong, Stress-strain fields and the effectiveness shear properties for
three-phase composites with imperfect interface, International Journal of Solids and
Structures 37 (9) (2000) 1275-1292. doi:10.1016/80020-7683(98)00295-9. 136

Z. Hashin, Thin interphase/imperfect interface in elasticity with application to coated
fiber composites, Journal of the Mechanics and Physics of Solids 50 (12) (2002) 2509—
2537. doi:10.1016/S0022-5096(02)00050-9. 136

K. Yanase, J. W. Ju, Effective Elastic Moduli of Spherical Particle Reinforced Com-
posites Containing Imperfect Interfaces, International Journal of Damage Mechanics
21 (1) (2011) 97-127. doi:10.1177/1056789510397076. 136, 190

C. M. Sayers, M. L. Kachanov, Microcrack-induced elastic wave anisotropy of brittle
rocks, Journal of Geophysical Research 100 (B3) (1995) 4149-4156. doi:10.1029/
94JB03134. 136, 145

J. Qu, M. Cherkaoui, Fundamentals of Micromechanics of Solids, Wiley, 2006. 136,
190

R. J. Eagan, J. C. Swearekgen, Effect of composition on the mechanical properties
of aluminosilicate and borosilicate glasses, Journal of the American Ceramic Society
61 (1-2) (1978) 27-30. 142

T. Rouxel, Elastic properties and short-to medium-range order in glasses, Journal of
the American Ceramic Society 90 (2007) 3019-3039. 142

C. Campand, B. N. J. Persson, M. H. Miiser, Transverse and normal interfacial stiff-
ness of solids with randomly rough surfaces, Journal of Physics: Condensed Matter
23 (8) (2011) 085001. doi:10.1088/0953-8984/23/8/085001. 145

BIBLIOGRAPHY 213


https://doi.org/10.12989/acc.2015.3.1.071
https://doi.org/10.12989/acc.2015.3.1.071
https://doi.org/10.1016/0167-6636(85)90016-X
https://doi.org/10.1016/0167-6636(93)90082-3
https://doi.org/10.1016/0167-6636(93)90082-3
https://doi.org/10.1016/S0020-7683(98)00295-9
https://doi.org/10.1016/S0022-5096(02)00050-9
https://doi.org/10.1177/1056789510397076
https://doi.org/10.1029/94JB03134
https://doi.org/10.1029/94JB03134
https://doi.org/10.1088/0953-8984/23/8/085001

[163] J. White, Underground sound - application of seismic waves, Elsevier Science Pub-
lishing Co., 1983. 145

[164] V. Vallin, Modélisation chimio-poromécanique du comportement des géomatériaux
dans le contexte du stockage géologique du dioxyde de carbone : application au puits
d’injection, Theses, Université Paris-Est (2014).

URL https://pastel.hal.science/tel-01124312 148, 152

[165] E. Dvorkin, Introduccién al método de los elementos finitos, universidad de Buenos
Aires (2019). 149

[166] S. Ghabezloo, J. Sulem, J. Saint-Marc, Evaluation of a permeability-porosity rela-
tionship in a low-permeability creeping material using a single transient test, In-
ternational Journal of Rock Mechanics and Mining Sciences 46 (4) (2009) 761-768.
doi:10.1016/j.ijrmms.2008.10.003. 149

[167] S. Gopinath, J. Rajasankar, N. Iyer, Nonlinear analysis of rc structures using isotropic
damage model, International Journal of Damage Mechanics 21 (2012) 647-669. doi :
10.1177/1056789511410457. 152

[168] J. Lemaitre, J. L. Chaboche, Aspect phénoménologique de la rupture par endom-
magement, Journal de Mécanique Appliquée 2 (1978) 317-365.
URL https://api.semanticscholar.org/CorpusID:131574321 152

[169] J. P. Cordebois, F. Sidoroff, Endommagement anisotrope en élasticité et plasticité,
Journal de Mécanique Théorique et Appliquée Numéro spécial (1982) 45-60. 152

[170] A. Zaoui, Continuum micromechanics: survey, Journal of Engineering Mechanics
128 (8) (2002) 808-816. 188, 189

BIBLIOGRAPHY 214


https://pastel.hal.science/tel-01124312
https://pastel.hal.science/tel-01124312
https://pastel.hal.science/tel-01124312
https://pastel.hal.science/tel-01124312
https://doi.org/10.1016/j.ijrmms.2008.10.003
https://doi.org/10.1177/1056789511410457
https://doi.org/10.1177/1056789511410457
https://api.semanticscholar.org/CorpusID:131574321
https://api.semanticscholar.org/CorpusID:131574321
https://api.semanticscholar.org/CorpusID:131574321

	Abstract
	Resumen
	General introduction
	Motivation
	Carbon Capture and Storage
	Deep well cementing
	The role of cement pastes
	Use of Hollow Glass Microspheres
	Problem statement and objectives
	Outline of the research

	I Experimental characterization
	Materials and methods
	Materials
	Specimens preparation
	Methods
	Modified Chapelle test
	Isothermal calorimetry
	Thermogravimetric Analysis (TGA)
	Supercritical carbonation
	Mercury Intrusion Porosimetry (MIP)
	Scanning Electron Microscopy (SEM)
	Ultrasonic wave velocity
	Uniaxial Compressive Strength (UCS)
	Triaxial compression tests
	Freeze-drying


	Interaction between HGMS and the cement paste
	Introduction
	Direct measurement of the pozzolanic activity
	Cement hydration heat release
	Ca(OH)2 consumption and changes in strength
	Conclusion

	Microstructural insights into cement paste supercritical carbonation
	Introduction
	Influence of the water to solid ratio
	Effect on cement paste microstructure
	Effect on cement carbonation

	Influence of HGMS
	Effect on cement paste microstructure
	Effect on cement carbonation

	Conclusion

	Mechanical properties
	Introduction
	Impact of water to solid ratio
	Impact of HGMS
	Impact of carbonation
	Conclusion


	II Modelling
	Homogenisation of the elastic parameters
	Introduction
	Basic considerations and choice of REV
	Strain localization coefficients
	Perfect interface between HGMS and cement matrix
	Imperfect interface between HGMS and cement matrix
	Sensitivity analysis
	Model predictions considering perfect interface
	Effect of interface 
	Conclusion

	Chemo-poromechanical model
	Introduction
	Fundamentals
	Model improvement
	Homogenisation model implementation
	HGMS rupture

	Validation with laboratory tests
	Modelling of cement pastes under real well conditions
	Conclusion

	Final considerations
	General conclusions
	Perspectives

	Analysis of HGMS rupture during the MIP test
	Theoretical framework of the homogenisation model
	References


