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Les effets de la charge mécanique et de la carbonatation sur les propriétés des sols
traités avec la méthode de stabilisation/solidification (S/S)

Ghassan Aburaas
RESUME

Au cours des derniéres décennies, on a constaté une augmentation significative de
I'accumulation de déchets dangereux dans différentes régions du monde. Une partie du
probléme réside dans le fait que ces déchets sont générés quotidiennement et que leurs
caractéristiques chimiques limitent 1'application de certaines méthodes de remédiation. La
solidification/stabilisation (S/S) représente une méthode de traitement de divers contaminants,
y compris les déchets dangereux tels que les métaux traces. Notamment, cette technique a
suscité 1'intérét en tant qu'alternative prometteuse grace a sa capacité a offrir des solutions
pratiques pour la sant¢ humaine et environnementale (Al Tabbaa & Stegemann, 2011). Les
techniques de solidification/stabilisation a base de ciment ont été largement utilisées pour
produire des formes stables de sols contamingés et limiter le transfert des contaminants dans
l'environnement.

Cependant, les structures de matrice solidifiée/stabilisée présentes sur les sites sont
continuellement exposées a diverses conditions agressives, notamment des charges fluctuantes
et du dioxyde de carbone atmosphérique. De plus, il existe un manque d'informations
concernant les performances a long terme des techniques de S/S dans ces conditions
environnementales spécifiques. La présence de charges externes favorise la propagation des
fissures, facilitant la pénétration d'agents agressifs tels que l'eau dans la matrice S/S. Ce
phénomene accélere la détérioration de la structure S/S. En revanche, la carbonatation entraine
la précipitation de calcite (produits de carbonatation) dans ces fissures, réduisant la porosité et
permettant des processus d'autoguérison. L'autoguérison, a son tour, a le potentiel d'améliorer
les propriétés hydrauliques de la matrice S/S. Par conséquent, I'étude de I'impact de la charge
et de la carbonatation sur les propriétés chimiques et mécaniques de la matrice S/S est
importante pour comprendre la stabilité a long terme de la structure.

L'objectif principal de ce projet consistait a simuler les conditions environnementales, telles
que la charge et l'exposition au COz, sur du sable solidifié. La simulation de la matrice
solidifiée a été réalisée en induisant des altérations physico-chimiques grace a la mise en ceuvre
de divers scénarios expérimentaux, a savoir : aucune carbonatation/ aucune charge (NC/NL),
carbonatation seule (C), charge mécanique seule (L), carbonatation suivie de charge mécanique
(C/L), et charge mécanique suivie de carbonatation (L/C). Des échantillons solidifiés avec un
rapport eau/ciment (W/C) de 2 ont été préparés et soumis a des tests de lixiviation a I'aide d'une
configuration de lixiviation en continu. Ces simulations ont été réalisées a l'aide d'une cellule
triaxiale modifiée. Les résultats expérimentaux présentés dans cette thése ont mis en évidence
la détérioration résultant des scénarios susmentionnés, qui englobaient des contraintes
mécaniques et la carbonatation. De plus, une étude sur la cicatrisation physico-chimique des
microfissures au sein de la matrice S/S a été réalisée grace a des tests de conductivité
hydraulique et a la tomographie par rayons X. Par ailleurs, les effets de ces scénarios
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expérimentaux ont été examinés en ce qui concerne la résistance a la compression, la
conductivité électrique, le pH, la lixiviation de l'aluminium, du silicium, du calcium et du
cuivre, ainsi que l'analyse thermogravimétrique.

Lors de l'application de divers scénarios de test sur les échantillons, des résultats distincts ont
été observés. Le scénario de contrdle a présenté une légeére diminution de la conductivité
hydraulique, indiquant un impact négligeable. En revanche, la carbonatation a présenté des
avantages significatifs en réduisant la conductivité hydraulique et en diminuant la porosité,
facilitant ainsi les processus d'autoguérison. Les contraintes mécaniques ont provoqué des
fractures et des dommages sur le sable solidifié, qui, bien qu'impossible a ¢éliminer
completement, ont été atténués dans une certaine mesure grace a l'autoguérison induite par la
carbonatation, réduisant ainsi la formation de fissures. De plus, 1'ordre des opérations, tel
qu'indiqué par l'analyse CT, a révélé des différences perceptibles (par exemple, la
carbonatation par rapport a la charge), principalement attribuées aux effets d'autoguérison qui
favorisent une récupération partielle des propriétés physiques des échantillons.

Les conclusions de cette thése ont également montré différents comportements en termes de
lixiviation du calcium. Les scénarios sans carbonatation ont présenté une lixiviation stable du
calcium sur une période prolongée. Cependant, la présence de carbonatation dans les scénarios
C, C/L et L/C a entrainé une diminution significative de la lixiviation du calcium. En ce qui
concerne la lixiviation du cuivre, elle était modeste et stable, comme en témoigne le scénario
NC/NL. Cependant, lors de I'exposition a la carbonatation, trois phases distinctes de lixiviation
du cuivre ont été observées, & savoir une augmentation notable, suivie d'une diminution
partielle, pour finalement atteindre un état stable. Les contraintes mécaniques avaient tendance
a réduire la lixiviation du cuivre, avec une concentration de cuivre non détectable dans les
effluents du scénario L aprés une courte durée. De plus, le test de lixiviation a révélé une légere
augmentation du volume des pores dans le scénario NC/NL, tandis que la carbonatation
réduisait significativement la porosité globale de I'échantillon. En revanche, 1'effet de charge
augmentait la porosité totale dans les scénarios L, C/L et L/C.

Les résultats indiquent que l'influence facteurs de stress sur la lixiviation, la distribution de la
taille des vides, la résistance a la compression et la perméabilité est complexe et caractérisée
par des interactions entre les contraintes.

Mots-clés:  Solidifié/stabilisé, conductivité hydraulique, carbonatation, chargement
mécanique, scan micro-CT aux rayons X, résistance a la compression non confinée, métaux
lourds, cellule triaxiale modifiée, phénomene d'autoguérison, test de lixiviation en continu



The effects of mechanical loading and carbonation on properties of soils treated with
the Stabilization/Solidification (S/S) method

Ghassan Aburaas
ABSTRACT

In the last few decades, there has been a significant increase in the accumulation of hazardous
wastes across various areas of the world. Part of the problem is that these wastes are generated
daily, and their chemical characteristics limit the application of some remediation methods.
Solidification/Stabilization (S/S) represents a method for treating diverse contaminants,
including hazardous wastes like trace metals. Notably, this technique has garnered attention as
a promising alternative owing to its capacity to offer practical resolutions for both human and
environmental  health (Al  Tabbaa &  Stegemann, 2011). Cement-based
solidification/stabilization techniques have gained extensive utilization in producing stable
forms of contaminated soils and curtailing the movement of contaminants into the
environment.

However, the solidified/stabilized matrix structures present at sites are continually exposed to
various aggressive conditions, including fluctuating loads and atmospheric carbon dioxide.
Moreover, there is a lack of information regarding the long-term performance of S/S techniques
under these specific environmental conditions. The presence of external loads promotes crack
growth, facilitating the penetration of aggressive agents such as water into the S/S matrix. This
phenomenon accelerates the deterioration of the S/S structure. Conversely, carbonation leads
to the precipitation of calcite (carbonation products) into these cracks, reducing porosity and
enabling self-healing processes. Self-healing, in turn, has the potential to enhance the hydraulic
properties of the S/S matrix. Therefore, investigating the impact of loading and carbonation on
the chemical and mechanical properties of the S/S matrix is important for comprehending the
long-term stability of the structure.

The primary objective of this project entailed the simulation of environmental conditions, such
as loading and exposure to CO2, on solidified sand. The simulation of the solidified matrix was
achieved by inducing physicochemical alterations through the implementation of various
experimental scenarios, namely: no carbonation/no loading (NC/NL), carbonation only (C),
mechanical loading only (L), carbonation followed by mechanical loading (C/L), and
mechanical loading followed by carbonation (L/C). Solidified samples with a water-to-cement
ratio (W/C) of 2 were prepared and subjected to leaching tests using a flow-through leaching
setup. These simulations were conducted using a modified triaxial cell. The experimental
findings presented in this thesis elucidated the deterioration resulting from the aforementioned
scenarios, which encompassed mechanical stresses and carbonation. Moreover, an
investigation into the physicochemical healing of micro-cracks within the S/S matrix was
carried out through hydraulic conductivity testing and X-ray CT scanning. Furthermore, the
effects of these experimental scenarios were examined in relation to compressive strength,
electrical conductivity, pH, leaching of aluminum, silicon, calcium, and copper, as well as
thermogravimetric analysis.



Upon subjecting the samples to various test scenarios, distinct results were observed. The
control scenario exhibited a marginal decrease in hydraulic conductivity, indicating a
negligible impact. Conversely, carbonation exhibited significant advantages by reducing
hydraulic conductivity and lowering porosity, thereby facilitating self-healing processes.
Mechanical stresses induced fractures and inflicted damage upon the solidified sand, which,
albeit impossible to completely eliminate, were mitigated to some extent through carbonation-
induced self-healing, thereby reducing crack formation. Furthermore, the order of operations,
as revealed by the CT analysis, demonstrated perceptible differences (e.g., carbonation versus
loading), primarily attributed to the self-healing effects that promote partial recovery of the
physical properties of the samples.

The findings of this thesis also showed different behaviors in terms of calcium leaching. The
non-carbonation scenarios exhibited stable calcium leaching over an extended period.
However, the presence of carbonation in the C, C/L, and L/C scenarios resulted in a significant
decrease in calcium leaching. In the case of copper leaching, it was modest and stable, as
evidenced by the NC/NL scenario. However, upon exposure to carbonation, three distinct
phases of copper leaching were observed, namely a notable increase, followed by a partial
decrease, and ultimately reaching a steady state. Mechanical stresses tended to diminish copper
leaching, with no detectable copper concentration in the leachate of the L scenario after a short
duration. Furthermore, the leaching test revealed a slight increase in pore volume in the NC/NL
scenario, while carbonation significantly reduced the overall porosity of the sample.
Conversely, the loading effect increased the total porosity in the L, C/L, and L/C scenarios.

The results indicate that the influence of stressors on leaching, void size distribution,
compressive strength and permeability is complex and characterized by interactions between
the stressors.

Keywords: Solidified/stabilized, hydraulic conductivity, Carbonation, Mechanical loading,
X-ray micro-CT scan; Unconfined compressive strength; Heavy metals; Modified triaxial cell,
Self-healing phenomenon, Flow-through leaching test
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INTRODUCTION

Cement-based stabilization/solidification (S/S) has been used in the USA to treat contaminated
soils since the early 1970s (Conner & Hoeffner, 1998b). The S/S technique creates a composite
material composed of waste materials or soil mixed with Portland cement. The S/S
microstructure varies based on the material, cement type, water/cement ratio, and degree of
hydration. The monolithic material produced from the S/S technique prevents the waste from
contaminating the surrounding air, water and soil by limiting the rate of transport of
contaminants (Catalan, Merliére & Chezick, 2002). The S/S technique also enhances the
durability of the treated material in the S/S matrix (Al-Tabbaa & Boes, 2002).

Many factors can influence the long-term stability S/S-treated wastes. Some factors affect the
physical integrity of the S/S matrix, while other factors affect the chemical equilibrium of the
S/S matrix. Carbonation is the primary chemical reaction that typically influences the long-
term performance of S/S materials (Walton, Bin-Shafique, Smith, Gutierrez & Tarquin, 1997).
It is a natural reaction between carbon dioxide and cementitious materials in the S/S matrix.
This phenomenon commonly occurs when carbon dioxide dissolves in the pore solution of the
S/S matrix and reacts with Portlandite to form calcium carbonate (CaCO3) (Du, Wei, Reddy &
Wu, 2016; Jiangying et al., 2008). In the long term, carbonation also decomposes the calcium

silicate hydrate (C-S-H) gel into CaCO3 and water (Du et al., 2016; Jiangying et al., 2008).

The precipitation of calcium carbonate in the pore space will prompt structural changes in the
S/S material. Although these changes can enhance self-healing of S/S material since CaCO3
precipitates in cracks and pores, CaCO3’s binding properties are usually weak compared to the

original cement phases (Li & Yang, 2007).

Carbonation also impacts the S/S materials’ leaching performance. The precipitation of CaCO3
decreases the pH of the pore solution. It reduces the solubility of certain metals (e.g., Pb, Ni
and Zn). In contrast, carbonation can increase the release of copper and arsenic (Sanchez,

Gervais, Garrabrants, Barna, & Kosson, 2003; Garrabrants, Sanchez & Kosson, 2004).



Over time, cracks can form in the S/S matrix, which can affect its physical integrity and result
in the degradation of its properties, such as compressive strength, stiffness, and hydraulic
conductivity. Cracks in S/S materials can be formed and worsened by external loading,
hydraulic gradients, volume expansion, internal stresses, and temperature changes caused by
chemical reactions and freezing temperatures. Griffith’s theory assumes that cracks typically
occur due to increased loading that causes higher stress in a material (Barenblatt, 1959).
However, when stress is distributed over certain areas of a material, it creates an energy
imbalance and begins to change the shape of voids and the coalescence of micro-cracks that

exist in the matrix (Barenblatt, 1959; Chang & Lee, 2004).

Additionally, these fractures can intersect or combine to form networks of cracks known as
linked cracks (Szelag, 2018). These cracks can critically degrade the mechanical characteristics
of the portions of the material that are subjected to stress. In particular, the permeability of S/S
materials subjected to mechanical loading increases (Chang & Lee, 2004). The cracks are
critical because they increase water flow, which induces the release of metals from the S/S
material, calcium leaching and concrete degradation (Ekstrém, 2003). In addition, the
dissolution of calcium hydroxide can increase the porosity and reduce the material strength

(Ekstrom, 2003). The final outcome is the matrix’s failure to isolate the waste.

Despite the encouraging results from the use of the S/S technique in many countries around
the world, there is a lack of information regarding the long-term stability and retention
properties of contaminants (Al Tabbaa & Stegemann, 2011), which could be caused by the
lack of a standardized method for assessing long-term behaviour (Al Tabbaa & Stegemann,
2011). For example, some test methods (e.g., leaching mechanisms of metals) may not reflect
the change in long-term monitoring of S/S materials in-situ conditions. In addition, the long-
term environmental durability and stability of the S/S matrix are critical. Because most S/S
matrices are underground, they are vulnerable to various external stresses, and accelerate the
leaching mechanisms that can develop over time due to contact with groundwater (Du et al.,

2010; Kogbara, 2014). However, some leaching tests (e.g., toxicity characteristic leaching



procedure, sequential chemical extraction test, and column test) may not be appropriate for
monitoring the long-term stability of S/S materials (Catalan et al., 2002). The hydraulic
conductivity of the S/S matrix is one of the main factors that can govern the transport system

of the S/S matrix, particularly the leachate transport.

The main phenomena influencing the long-term performance of S/S materials that were studied
in this thesis are carbonation and mechanical loading. These phenomena have been studied in
the laboratory, but almost exclusively separately and without confining stress, which is known
to influence the formation and the aperture of cracks. Cracks not only influence the

microstructure and transport parameters of S/S materials, but it can also affect CO2 penetration.

In this context, a triaxial cell was used to carry out COz gas injection and to apply a strain on
sand samples treated with the S/S method. The triaxial cell was also used to carry out leaching
tests on the samples. Several leaching tests have been utilized for other geotechnical
applications to evaluate environmental stability according to standardized tests such as the
ASTM standards. However, there is no leaching test available that simulates environmental
conditions and estimates the stability of solidified materials in the long term. Furthermore,
since most tests do not consider any confining stresses, a flow-through leaching test must be
conducted in order to assess the long-term stability of S/S (Butcher, Cheeseman, Sollars &
Perry, 1993; Poon, Chen & Wai, 1999; Zhang, Wang, Dong, Feng & Fan, 2009). In the flow-
through leaching test, the injected water is constantly renewed. This test can also simulate the

way water comes in contact with S/S materials in environmental conditions.

This research project aims to investigate the impact of carbonation and loading on hydraulic
conductivity, compressive strength, the leaching of metals, the change in microstructure, and
the self-healing phenomenon of the solidified matrix. Given the need to simulate the
environmental conditions such as carbonation and loading in a laboratory setting, specific
experimental devices and protocols had to be developed. To this end, two different leaching

test protocols were used to examine the solidified samples. Carbonation and mechanical



loading were also used with a modified triaxial cell and computed tomography (micro-CT)

technique.

This thesis is organized into six chapters, as follows:

CHAPTER 1 presents a brief survey of existing waste treatment methods, as well as Canada's
regulations and waste policy. An overview of the interactions between cement and soil, and
the hydration of Portland cement is presented. Carbonation and mechanical loading, the two
main long-term stressors studied in this thesis, are described with the factors that influence
carbonation. The main consequences of carbonation on cement-based materials are listed,
along with the causes of cracking in concrete structures. An overview of self-healing
phenomena in cement-based materials is also presented. Finally, an overview of X-ray
tomography applications in geotechnical engineering is presented. CHAPTER 2 introduces
the methods, materials and equipment used in this study. The proposed methodology consists
of two protocols with either intermittent or continuous leaching. Each experimental protocol
included five test scenarios combining different loading and carbonation stages. The test
scenarios and leaching tests were conducted using a modified triaxial cell described in this
chapter. The methodology for the tests used to characterize the hydraulic and mechanical
properties of the S/S material are presented in this chapter. It also describes the methodology
for the thermogravimetric analysis and X-ray tomography. Moreover, this chapter presents the
materials and the preparation of the solidified sand samples. CHAPTER 3 includes
experimental results including the hydraulic conductivity, compressive strength, leachate
analyses, thermographic analyses, and a description of the microstructure based on X-ray
tomography. CHAPTER 4 compares the result of the various test scenarios. Finally, the

conclusion, recommendations and main contributions of this thesis are listed in CHAPTER 5.



CHAPTER 1

LITERATURE REVIEW

This chapter contains background information on waste treatment and waste regulations in
Canada. It also reviews the S/S technique, as well as two important stressors: carbonation and
mechanical loading. Information is also provided on self-healing mechanisms in concrete and

X-ray tomography.

1.1 Waste Management

In recent decades, hazardous waste generation has dramatically increased in many areas of
Europe and North America. It has become highly dangerous since it has a long-lasting adverse
impact on humans and the environment (Blackman Jr, 2016). According to Section 64 of the
Canadian Environmental Protection Act (1999), waste is considered toxic if it harms human
life or the environment (Taylor & Chénier, 2003). In 1992, the government of Canada spent
approximately $3 billion on managing nearly 33.76 million tonnes of waste (Sawell,
Hetherington & Chandler, 1996). The Canadian Government has since adopted successful
strategies for reducing waste generation and, consequently, its financial strains. In 2008, it was
estimated that it costs Canadians nearly $1.8 billion to manage about 13 million tonnes of waste
(Statistics Canada, 2008), which includes 8.5 million tonnes of waste sent to landfills and 4.4
million tonnes of recycled or composted waste (Statistics Canada, 2008). Despite the
Government’s efforts, it is clear that landfilling is still the predominant route for waste disposal

in this country.

In Canada, three levels of government can share environmental protection responsibilities
within their jurisdictions. Local governments establish disposal programs for waste, while
provincial governments adopt criteria for licensing dangerous waste producers and treatment
facilities. The federal government regulates the transboundary transportation of this waste and

passes legislation that regulates contaminated site remediation (e.g., the Canadian



Environmental Protection Act). It should be noted that each province across Canada has policy
frameworks in place for managing contaminated sites. In addition, all provinces establish their
own guidelines. For example, the first province to publish guidelines for the management of
contaminated areas was Nova Scotia. Ontario also established standard guidelines for a range
of substances, while Yukon has a list of soil criteria that concentrate on metals (Bates & Hills,
2015). The treatment of contaminated soils requires advanced methods to reduce the release of
their toxicity into the environment. Recently, several methods have been employed for the
treatment of contaminated soils, and the selection of the best option depends on the

contaminant category as well as the advantages and disadvantages of each technique.

1.1.1 Waste storage in deep mines

One possibility for the disposal of hazardous waste is underground storage in sealed capsules
or mixing the hazardous waste with cement. Storing hazardous waste in deep salt mines is
possible because these mines must be located below drinking aquifers (Lee & Lee, 2012).
Geological and hydrological data should confirm that there is no hydraulic connection between
pollutants and groundwater to ensure the long-term stability of waste and to avoid soil and
water contamination (Hjelmar, 1996). Using former mines for long-term waste disposal is

limited by space availability.

1.1.2 Use of chemical methods

Chemical methods can reduce the mobility of pollutants into the environment. These methods
significantly reduce the leachability of metals, either through the precipitation of metal or by
converting them into insoluble materials (Dhaliwal, Singh, Taneja & Mandal, 2020).
Technology focused on chemical methods has been developed in recent years involving the
Chemical Fixation Process (stabilization), the Chemical Leaching Process, the Ferrox Process,
and the Acid Extraction-Sulfide Process (AES) (Dhaliwal et al., 2020; Katsuura, Inoue,
Hiraoka & Sakai, 1996; Rani, Boccaccini, Deegan & Cheeseman, 2008).



1.1.3 Bitumen encapsulation

Some hazardous waste can be immobilized by using bitumen encapsulation. Although this
technology has many advantages regarding chemical stability, impermeability to water, and
resistance to micro-organisms and cracking, it can be very costly since it depends on the price

of crude oil (Rani et al., 2008).

1.14 Solidification/Stabilisation

The Stabilization/Solidification (S/S) technique, which treats hazardous waste for safe
disposal, includes both chemical and physical treatment. One way S/S contrasts with other
hazardous waste management solutions is by immobilizing toxic components in waste rather
than removing them. Solidification converts waste into solid form via the soil-cement matrix
(Wuana & Okieimen, 2011) and changes in the physical properties of the matrix, such as
permeability and compressive strength (Wiles, 1987). At the same time, stabilization limits the
solubility of hazardous components, such as metals contained in the waste, by three main
mechanisms: sorption, complexation and precipitation (Bone et al., 2004). The S/S technique
has many advantages including its low cost, resistance to biodegradation, and low-water

permeability.

S/S projects have been conducted in Canada since 1990. Applications include treating
contaminated soils and managing mining sites (Conner & Hoeffner, 1998b). Most of these
projects originated in western Canada, specifically in BC. For example (but not limited to) the
Dockside Green project, the False Creek project, the Rifle Range project, and the Western
Steel Mill project are notable solidification/stabilization projects in Canada (Bates & Hills,
2015). On the other hand, it is essential to note that Nova Scotia has the most significant S/S
project in the world: the Sydney Tar Ponds (Bates & Hills, 2015; Walker, MacAskill &
Weaver, 2013), which spans nearly 33 hectares. In Québec, S/S has been used to a limited



extent to treat contaminated soil with metals (St-Laurent, Burelle, Ouellette, Bonneau & Larue,

2012).

1.2 Portland Cement

Portland cement is one of the most common binders for S/S applications (Shi & Spence, 2004;
Yousuf, Mollah, Vempati, Lin & Cocke, 1995). Table 1.1 outlines the main components of
Portland cement (Paria &Yuet, 2006).

Table 1.1 Composition of Portland cement
Taken from Paria & Yuet (2006, p. 221)

Components Typical Composition (%)
CaO 67
Si02 22
ALOs3 5
Fe203 3
Other 3

Portland cement involves four main phases that govern the hardening of cement. These
components are Alite (tricalcium silicate, Ca3SiOs), Belite (dicalcium silicate, B-Ca2Si04),
Aluminite (tricalcium aluminate, Ca3Al2O¢), and Ferrite (CasAl2Fe2010), the properties of
these components are shown in Table 1.2 (Dalton et al., 2004). Alite (C3S) and Belite (C2S)

are the two key cement phases that contribute to strength development.

1.2.1 Portland cement and its hydration

Concrete is a multiphase material comprised of aggregates and cement paste. Cement paste is
a combination of cement and water (Bullard et al., 2011). The chemical reaction between water
and anhydrous cement that results in an amorphous paste is known as cement hydration. In the

end, this paste grows stronger by transforming into a solid mass.



Table 1.2 Composition and properties of cement phases
Taken from Dalton et al. (2004, p. 230)

Cement phase Typical Contribution to the cement matrix
composition
Alite (C3S) 50-70 (%) Rapid hydration and contribution to initial strength
Belite (C2S) 15-30 (%) Slow hydration and contribution to final strength
Aluminite (C3A) 5-10 (%) Rapid hydration and high heat of hydration, limited

contribution to strength

Ferrite (C4AF) 5-15 (%) Slow hydration and low heat of hydration, limited

contribution to strength

The hydration of cement is a complex process that corresponds to a series of chemical reactions
between the anhydrous phases (cement components) and water (Al Tabbaa & Stegemann,
2011; Glasser, 1997). The hydration of C3S and CaS leads to the formation of two distinct
products: the C-S-H phase, and calcium hydroxide (CH):

2C,S+6H > C—S—H+3CH (1.1)

2C,S+4H >C—S—H+CH (1.2)

During cement hydration, CH and C-S-H form more than 70% of all products. According to
Bullard et al., (2011), the hydration of the cement undergoes four main stages, as described in

Figure 1.1.

1. Initial reaction stage
This stage begins upon contact between water and the anhydrous cement and lasts only a few
minutes after mixing. This leads to hydrolysis of the surface causing ions to be released rapidly
into the solution (Gartner, Young, Damidot & Jawed, 2002). During this stage, intense

chemical activity takes place in the paste accompanied by significant release of heat
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(-138 kJ/mol) due to the dissolution of C3S (Bullard et al., 2011). According to the slow
dissolution step hypothesis, Alite (C3S) and Belite (C2S) in cement grains react immediately
with water, forming C-S-H (Bullard et al., 2011). As the amount of calcium silicate hydrate
increases, it reduces the concentration of silicate and increases the molar ratio of Ca®":SiOz in
the solution. According to Salami (2014), this increase in silicate is temporary and reduces
rapidly, while the Ca(OH)2 continues to rise. Scrivener, Ouzia, Juilland & Mohamed (2019)

reported that at this point in the process, these formed hydrates could govern the pore solution.

2. Slow reaction stage
This stage is characterized by a decreased rate of hydration. This could be due to portlandite
growth restricting C-S-H growth (Bullard et al., 2011) . Also, this stage occurs at the end of
the initial reaction but before the acceleration stage. During this stage, Ca’>" and OH" ions are
released (Gartner et al., 2002). This action leads to a pH increase and slows the C3S dissolution
rate. The chemical activity and the release of heat are minimal. The hydration products (e.g.,
C-S-H) gradually form a thin layer, primarily around the cement particles and on C3S surfaces
(Gartner et al., 2002). According to the metastable barrier hypothesis, this thin layer stops the
CsS surface from coming into contact with water and restricts the diffusion of the ions, which
retards dissolution (Bullard et al., 2011; Gartner et al., 2002). The slow reaction stage ends

when the thin layer is removed or becomes more permeable due to ageing (Taylor, 1997).

3. Acceleration stage
The acceleration stage typically occurs 5 to 10 hours after mixing. It begins when the Ca** and
OH' concentrations are high enough for Portlandite to be saturated. Following the delay stage,
the C-S-H nanoparticles have a tendency to interpenetrate with one another and to aggregate
to produce stable C-S-H for a long period of time (Bullard et al., 2011). Constantinides & Ulm
(2004) observed two types of C-S-H (high and low density) that exist at this stage. They also
concluded that the formation of C-S-H was highly reduced at the initial stage, followed by a
gradual increase. During acceleration, the main hydration products (e.g., C-S-H and CH) grow
rapidly and easily into available spaces (Gartner et al., 2002). These hydration products

constantly remove ions from the solution, which must be replaced by additional CsS
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dissolution (Bullard et al., 2011). According to Taylor (1997), the growth and nucleation of
the C-S-H during this stage regulates the rate of reaction. As time elapses, the concentrations
of Ca?" and OH" in the solution rise, and Portlandite begins to precipitate when the solution
reaches supersaturation (Taylor, 1997). The dissolution, nucleation and precipitation of the
different phases then follow, allowing the formation of hydrates (Ettringite, Portlandite and C-
S-H). This high chemical activity emits a significant amount of heat and creates a rigid solid.
Additionally, the acceleration stage regulates the growth of strength and concrete permeability,

as well as setting properties.
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Figure 1.1 Stages of hydration as a function of heat flux
Taken from Bullard et al. (2011, p. 1210)

4. Deceleration stage
The deceleration stage typically extends to about 48 hours after mixing due to the accumulation
of ions in the solution. During this stage, diffusion regulates the rate of hydration (Bullard et
al.,2011; Hu, Ge & Wang, 2014). The deceleration stage is important because the lack of water
can result in chemical shrinkage (Bullard et al., 2011). Additionally, the particle size
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distribution has a significant influence on the rate of hydration at this time. Particles smaller
than 3 pm are typically consumed in less than 10 hours while particles smaller than 7 pm

require 24 hours to react completely (Bullard et al., 2011).

Tricalcium aluminate and water react to form ettringite and heat, as shown in Equation (1.3).
Ettringite's stability depends on the quantity of gypsum present in the solution. However, the

amount of gypsum is often insufficient for all C3A to react.
C3A + 3CS’H, + 26H — CgA S'3Hy, (1.3)

According to Meredith, Donald, Meller, & Hall (2004), ettringite loses its stability when all of
the gypsum has been used in the reaction (1.4). It then reacts with any leftover C3A to produce

calcium aluminium monosulphate hydrate (C4AS’Hi2), also known as monosulphate:
C,AH.9 + C, AHg — 2C3AH¢ + 15H (1.4)
2C3A + C4A S’3Hyy + 22H —» 3C,AS’Hy, (1.5)
Hydration of ferrite phase (C4AF) in the presence of gypsum produces products similar to those

of C3A (Rose et al., 2006). In the presence of gypsum, CsAF reacts with water to form

ettringite, as outlined in the following equation:
C4AF + 3H + 3CS’H, - C4(AF)S3Hs, + CH + (A, F)H, (1.6)
The formed ettringite reacts with the remaining C4AF to produce hydrous garnet (Rose et al.,

2006; Xue, Liu, Ma, Teng & Guan, 2022). This new product (garnet) doesn't actually

contribute to the strength development; it simply fills the space.

C,AF + 2CH + 23H + Cs(AF)S3Hs, — 3C4(A, F)S Hyg + (A, F)H, (1.7)
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It is important to note that the simultaneous occurrence of multiple chemical reactions makes

it challenging to understand the hydration process.

Contaminated soil can include varying quantities of metals such as Cu, Cr, Ni, Cd, Zn, and Pb,
depending on industrial activities or the sources of waste. Many of these metals may have a
detrimental effect on the cement hydration process, and thus they may affect the properties of
the cement matrix (Chen et al., 2007; Shi & Spence, 2004; Thomas, Jameson, & Double, 1981).
Tashiro & Oba (1979) indicated that some of metals reduced the hydration rate and the mortar's
mechanical strength. According to Thomas et al. (1981), the presence of Cu, Zn, and Pb retards
the cement hydration process at early stages (particularly tricalcium silicate). They also ranked
the metals' ability to slow cement hydration in the following order: Zn?>" > Pb*" > Cu?*. Shi &
Fernandez-Jiménez (2006) prepared the S/S matrix by combining Portland cement with
furnace dust that contained high quantities of metals. They found that 60% of the dust in the
mixture seemed to delay the early hydration of the Portland cement. Tashiro & Oba (1979)
argued that metals can have an impact on hydration by forming a thin film surrounding cement
grains. The formation of these thin films is dependent on the concentration of the metal ions
(hydroxy compounds). In other words, a high concentration of hydroxy compounds is required
to form a highly coherent layer (Thomas et al., 1981). The hydration of C3S (allite) in the
presence of Zn could be different. For example, Chen et al. (2007) concluded that while Zn**
slowed the hydration of C3S in its earlier stage, it enhanced it after a year. On the other hand,
the presence of small quantities of Cu®" can accelerate C3S hydration (Chen et al., 2007;
Kantro, 1975). The study carried out by Chen et al. (2009) concluded that in the presence of
Cu?*, Pb*", and Cr?, the hydration of C3S was accelerated.

1.2.2 Mechanical and hydraulic properties of cement-based materials

Cement-based materials are heterogeneous composite materials formed from aggregates (sand
and gravel), water and cement (hydraulic binder). Cement hydration also plays a vital role in
the mechanical properties of concrete, as well as strength development over time. The different

cement phases do not contribute equally to the compressive strength increase during hydration.



14

Figure 1.2 illustrates that the hydration of two main cement phases (C3S and C2S) is responsible
for strength development. The compressive strength increases gradually during the curing
phase (28 days). After this period, the compressive strength development is slower. C3S
contributes to the early growth of strength while CzS contributes to the development of strength
after 28 days of hydration. Both C3S and C:S are responsible for the final long-term strength
development (Neville & Brooks, 1987). The contribution of other phases, such as C3A and
C4AF, is limited. It is worth noting that temperature conditions can affect the growth of matrix
strength during the curing period. For instance, exposing the matrix to high temperatures in

its early stages can accelerate the hydration process and result in rapid strength growth (James

etal., 2011).
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Figure 1.2 Strength development in a cement matrix
Taken from Neville & Brooks (1987, p. 15)
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Many researchers have studied the relationship between the water-to-cement ratio (W/C) and
the strength development of concrete (UCS). A higher W/C ratio generally causes a strength
reduction of cement-based materials. Haach, Vasconcelos & Lourengo (2011) concluded that
the mechanical characteristics of mortar decreased as the W/C ratio increased. The W/C ratio
affects the porosity of the cement paste. A higher W/C ratio results in a higher porosity and a
lower compressive strength (Haach et al., 2011; Popovics & Ujhelyi, 2008).

The fluctuating amount of water (i.e., W/C ratio) in the matrix plays a significant role in the
hydraulic properties of cement-based materials. For example, the value of hydraulic
conductivity increases as W/C ratios increase (Neville & Brooks, 1987). In the case of lower
water content, there is a possibility of air voids being formed in the structure of the matrix,
which would increase its hydraulic conductivity. Jolous Jamshidi (2014) demonstrated that in
the case of high water content, there is also high porosity due to the paste bleeding, which
raises permeability. The hydraulic properties of cement-treated materials are strongly
influenced by the hydration process. For example, as cement hydration continues during the
curing time, the C-S-H gel gradually forms and fills the pores in the cement paste. These
products decrease porosity and hydraulic conductivity (Jing, Song, Zhang & Nowamooz, 2022;
Jolous Jamshidi, 2014).

1.2.3 pH of the pore solution of the concrete matrix

The composition of the concrete pore solution is determined mainly by the solubility of the
solid phases. It is critical to understand the composition of the pore solution because the
mechanisms for the immobilization of waste materials are directly influenced by its pH
(Brouwers, 2003). When water reacts with the cement and the aggregates in the matrix, it tends
to raise the pH of the pore solution to 13 due to the dominance of highly soluble alkali
hydroxides (Coumes et al., 2006).
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1.3 Microstructure and Permeability of Solidified Sand

The microstructure of the solidified sand matrix comprises multiple components that are
combined and compacted to form a monolithic matrix. These components include Portland
cement, aggregates (such as gravel or sand), and water. Together, these components interact to
create the complex microstructure of cement paste which essentially depends on its
components (e.g., calcium silicate hydrate, portlandite, and non-hydrated clinker) as well as
the presence of voids (e.g., air pores and capillary porosity). The microstructure controls the

permeability of the cement-based material in the absence of cracking.

1.3.1 Microstructure of solidified matrix

Many factors can affect the microstructure of the solidified matrix. For example, the W/C ratio,
particle size, relative humidity, curing conditions can influence the pore network. Yaman,
Hearn, & Aktan (2002) divided the porous system of concrete matrix into two categories based
on the porous activity: active pores (capillaries pores) and non-active pores (air pores). Air
pores are formed during the mixing of the matrix due to air entering the paste, whereas capillary
pores are formed during cement hydration. Despite being smaller than air pores, capillary pores
are responsible for giving the concrete matrix its mechanical and hydraulic properties (i.e.,
mechanical strength and hydraulic conductivity) (Yaman, Aktan & Hearn, 2002; Yaman,
Hearn, et al., 2002).

Various techniques are employed to quantify the porous network structure of cementitious
materials. In recent years, non-destructive methods such as scanning electron microscopy and
micro-tomography CT scans have become the preferred options due to their capacity to
perform multiple measurements on a single sample without causing any damage to it (Bentz,

Haecker, Peltz & Snyder, 2008; Burlion, Bernard & Chen, 2006).
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1.3.2 Hydraulic conductivity of concrete

Henry Darcy (1856) proposed the following law to describe the flow of fluids in porous media:

_ “kh, —h) (1.8)
l

Where q is the Darcy velocity, h; and h, are the upstream and downstream hydraulic heads,
respectively, [ is the distance between the points where h, and h, are observed, and k is the
hydraulic conductivity. Darcy’s law assumes that the porous medium is completely saturated
and that the flow forces are due to the fluid viscosity (Whitaker, 1986). The capacity of the
solidified matrix to withstand the penetration of fluids and gases depends on its permeability.

When the solidified matrix has a high permeability, it is more vulnerable to deterioration.

Hydraulic conductivity is the ability of a porous medium to transmit a fluid or gas under a
pressure gradient. There are several factors that might affect concrete’s hydraulic conductivity.
For example, the use of additive materials, the W/C ratio, curing conditions, the size of the
aggregate, and the porosity of the matrix all play a role in transport properties. The permeability
of concrete is strongly influenced by porous medium parameters such as porosity, as well as
the pore network tortuosity and connectivity (Dullien, 2012). A higher porosity and
connectivity lead to a lower resistance to flow and a higher hydraulic conductivity (Zhong &
Wille, 2016; Zhong, Xu, Netto & Wille, 2016). Large aggregate results in high hydraulic
conductivity. According to Zhong et al. (2016) and Neithalath, Weiss & Olek, (2006),
increasing the aggregate size increased porosity, which in turn increased connectivity.
Additionally, they concluded that small aggregates provide a pore structure with a high
tortuosity and vice versa, as shown in Figure 1.3. Additionally, they indicated that an increase
in pore tortuosity hampers the flow of water along convoluted pathways, leading to reduced

hydraulic conductivity in concrete.
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14 Stabilization/Solidification Processes (S/S)

The main goal of the stabilization and solidification technique is to reduce leachability and
limit the migration of contaminants from the monolith to nearby soil and groundwater (Poon,
Qiao & Cheeseman, 2011). The objective of the S/S matrix is to create a monolithic solid that
is less permeable to minimize fluids from entering (i.e., attacking) or leaving (i.e., leaching)
the matrix. Fluids can flow through or around the solidified matrix depending on whether the

surrounding materials are permeable or not (Poon & Chen, 1999).

ot

-

‘ ’

-—
Large aggregate 4.75 mm Small aggregate 1.19 mm

Figure 1.3 Tortuosity of the concrete matrix for different aggregate sizes
Taken from Zhong et al. (2016, p. 1161)
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Hydraulic conductivity decreases as the process of cement hydration continues. In addition,
the result may change in the long term in the presence of contaminated materials. Kogbara
(2014) explained that the contaminants react with the matrix’s components, affecting ongoing
hydration and increasing hydraulic conductivity. For safe disposal, the acceptable limits of
hydraulic conductivity values must be between 10® and 10 m/s, as specified in the Quebec

provincial guidelines for managing contaminated soil treated by S/S (St-Laurent et al., 2012).

There is a strong correlation between the strength and the leachability of the S/S matrix.
According to the Quebec provincial guidelines for managing contaminated soil treated by S/S,
the compressive strength must be above 700 kPa for safe disposal in a site (St-Laurent et al.,
2012). The physical characteristics of cementitious materials can be altered as a result of
leaching (e.g., increase in porosity), which causes a reduction in the compressive strength

(UCS) of the S/S monolithic (Ekstrém, 2003).

1.4.1 Interactions between S/S Binder and Contaminants

1.4.1.1 Immobilization mechanisms of contaminant

According to Young (1972), it is preferred to use S/S technology to immobilize metals rather
than trapping organic compounds. This is due to the detrimental effects of organic compounds
on the microstructure of the S/S matrix, such as an increase in porosity and a decrease in matrix
strength (Paria & Yuet, 2006). However, recent research has indicated that this technique is
effective in remediating certain metal contaminations (Al Tabbaa & Stegemann, 2011).
Contaminants can be immobilized in the cement matrix by chemical mechanisms, such as
precipitation and chemical fixation, and by physical mechanisms, such as adsorption (Al
Tabbaa & Stegemann, 2011; Shi & Fernandez-Jiménez, 2006; Levy, Barbarick, Siemer, &
Sommers, 1992).

Chemical fixation limits the toxicity and mobility of metals by converting them to insoluble

compounds (Al Tabbaa & Stegemann, 2011). Metals are immobilized chemically as a result
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of their interactions with hydration products, such as calcium silicate hydrate (Du et al., 2010;
Shi & Fernandez-Jiménez, 2006). Precipitation is the most common mechanism for reducing
metal mobility. Although metals precipitation occurs in many forms, such as sulphides,
carbonates, and silicates, the most common form is hydroxide (Conner & Hoeftner, 1998a;
Kogbara, 2014). Metals can precipitate from aqueous solutions in pores or on the surface of
solid particles. It should also be noted that the stability of metal-bearing phases depends mainly
on the pH of the solution in the S/S matrix. An important issue is that some metals may be
released into the pore solution due to exposure to aggressive conditions over time, even if the
majority of metal species are stable and precipitate as hydroxide (Al Tabbaa & Stegemann,
2011; Perera et al., 2011). For example, Portland cement increases the pH of the S/S matrix
and converts the metal contaminants into metal hydroxides; however, under the effects of

carbonation, the results will be different (Kogbara, Al-Tabbaa, Yi & Stegemann, 2013).

Adsorption is a surface phenomenon in which the molecules or ions of contaminants are
attracted to the constituent surfaces of the matrix. This phenomenon might be caused by
physical, chemical, or electrical forces (Al Tabbaa & Stegemann, 2011; Sakai, Yamada &
Ohta, 2003). Some minerals, such as clays or zeolites, are excellent adsorbents because they
have very large surfaces per unit mass. It is well known that calcium silicate hydrates have a
large surface area and the ability to adsorb contaminants. This characteristic makes C-S-H
appropriate to adsorb a wide variety of metals, such as cadmium and chromium (III) (Du et al.,
2010; Park, 2000; Shao et al., 2020). In addition, certain metallic element ions have the
capability to interact with C-S-H through surface substitution of Ca**. For instance, Cu?* can
replace Ca®" in the C-S-H structure (Park, 2000). Dermatas et al. (2005) provided proof that
C-S-H can successfully limit the release of metals such as Pb by up to 99%. For example, they
found that immobilizing one mole of Pb required two moles of C-S-H. Moreover, Al Tabbaa
& Stegemann (2011) discussed that for a cement-based matrix, the sorption of metals would
depend on many factors such as pH and soil mineralogy, as well as type and concentrations of

metals.
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In addition to the above mechanisms, encapsulation is a physical process that uses cementitious
materials to trap contaminants that remain soluble in the S/S matrix (Shi & Spence, 2004).
These processes can protect the S/S structure, ensure immobilization, and limit the movement
of contaminants into the surrounding environment (Kogbara et al., 2013). Additionally, CSH
can encapsulate metal compounds (Chen et al., 2009). Moreover, redox mechanisms strongly
affect the solubility of some metals, such as Ag, Cu, and Cd, as a function of pH (Al Tabbaa
& Stegemann, 2011). For example, in acidic conditions, copper is typically present as soluble
Cu*" ions. As pH rises, copper may precipitate as Cu(OH)2, reducing solubility. Under highly
basic conditions, complex ions like Cu(OH)4* can form, increasing solubility compared to

hydroxides.

1.4.1.2 Immobilization of metals in cement-based S/S

The pH value of the cement matrix has a major impact on metal retention. Figure 1.4 illustrates
the impact of pH on the solubility of metal hydroxides (Paria & Yuet, 2006; Shi & Spence
2004).

001 |

Soluble metal concentration (mgAL.)

Figure 1.4 Solubility of metal hydroxide
Taken from Paria & Yuet (2006, p. 238)
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Metal hydroxides of Cd, Cr, Cu, Pb and Zn are amphoteric: they are soluble in both acidic and
basic solutions (Al Tabbaa & Stegemann, 2011; Bech et al., 2012). Hydroxide solubility
decreases with increasing pH until a pH of between 9 and 11 depending on the metal. For
higher pH values, the solubility increases with the pH. This variability in the solubility of
hydroxides can influence the performance of an S/S matrix because the hydrated cement paste
has a pH value of nearly 13. Maintaining a pH in the matrix above the pH corresponding to the
minimum solubility can be challenging in the long term since surface water or groundwater, in
certain cases, tends to be more acidic compared with the pore water in cement-based materials.

Furthermore, as demonstrated in the subsequent section, carbonation tends to decrease the pH.

External conditions, such as loads and drying/wetting cycles, can degrade the microstructure
of the matrix, leading to increased cracking and the release of metals. (Wang et al., 2022).
Yvon et al. (2006) observed that the interconnected micro-cracks increase the permeability,
which promotes the release of metals. According to Zha, Liu, Xu & Cui (2013), the porosity
increased after five cycles of drying/wetting, which caused fractures to develop and

significantly increased the release of metals in the pore solution.

Temperatures may also have an effect on waste solidification and stability. According to Yvon
et al. (2006) the ability of the S/S matrix to trap metals improves when hydrates develop at low
temperatures as compared to high temperatures. In contrast, researchers found that repeated
freeze-thaw cycles had an impact on the S/S matrix's long-term stability. Zhongping et al.
(2021) investigated the impact of freeze/thaw cycles on solidified/stabilized soils by repeating
the cycles of freeze and thaw 180 times. They discovered that as the number of cycles rose,

the release of metal gradually increased.

1.4.1.3 Retention of copper

Copper is considered one of the major trace elements that can cause harmful effects, even at
low concentrations (Tchounwou, Yedjou, Patlolla & Sutton, 2012). For example, the US

Environmental Protection Agency (EPA) has stipulated a maximum acceptable concentration



23

of copper in drinking water, setting the threshold at 1.3 mg/L. The presence of copper (Cu) in
the environment can be of natural origin or linked to industrial activities. In calcareous soils,
which are mostly composed of CaCO3, the retention of copper is mainly due to its precipitation
in the form of malachite (copper carbonate hydroxide) (Plassard, Winiarski & Petit-Ramel,
2000). In acid soils, copper retention is governed by ionic exchanges with clay minerals such
as kaolinite (Wu, West & Stewart, 2002). In addition, copper has a retarding effect on cement
hydration and its forms Cu(OH)2 and CuSiO3.H20. Furthermore, the retention patterns of Cu
are comparable to those of Zn. It precipitated as hydroxides or hydroxicarbonates (Kakali,

Tsivilis & Tsialtas, 1998).

Under sufficient alkaline conditions, copper can take the following forms: Cu?*, CuOH",
Cu(OH)z2, and CuCOs. According to Li, Poon, Sun, Lo & Kirk (2001), Cu may precipitate as
copper hydroxide on the surface of C-S-H phase in the S/S matrix. Suo, Yao, Song & Dong
(2022) used a copper nitrate solution with red mud, soil and cement to prepare the S/S-
contaminated matrix. Their leaching results demonstrated that the metal release was within
acceptable limits. Additionally, they concluded that hydration products including C-S-H,
CaCO3, and ettringite gel are responsible for the retention of copper ions. According to Li et
al. (2001), the presence of copper in the cement matrix may have an effect on strength
development because of its interactions with silicate and aluminate. Bao, Wang & Xiao (2016)
used cement, bentonite, and lime to solidify and stabilize contaminated sediments. They
reported that the release of Cu before treatment was higher than 50 mg/L, then decreased to

less than 50 mg/L after treatment.

Accelerated carbonation can have an impact on the leachability of the cement-based materials
and the subsequent release of metals such as copper. For example, copper retention in the
cement matrix can be enhanced by carbonation (Badreddine et al., 2004). Copper was released
from the carbonated matrix more readily than other metals (e.g., Pb, Cd, and Zn) under acidic
conditions such as those seen in the TCLP test (Pandey, Kinrade & Catalan, 2012). Chen,
Zhang, Ke, Hills & Kang (2009) confirmed these findings by subjecting the S/S matrix to nitric
acid. They concluded that when the pH fell below 6, the leaching of Cu increased significantly.
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In general, the impact of carbonation on metal leaching from the cementitious matrix can be
complex and dependent on a range of factors such as the pH of the leachate. According to some
research, carbonation can reduce the release of copper (Lange, Hills & Poole, 1995; Sweeney,
Hills & Buenfeld, 1998). Other research, on the other hand, determined that carbonation
increased copper release (Sweeney et al., 1998; Valls & Vazquez, 2001). This variation in the
influence of carbonation on Cu release might be attributable to the carbonation degree or the

amphoteric phenomenon.

1.5 Carbonation

Exposure of S/S material to carbonation can result in physical and chemical exchanges between
the material and the external environment, which can sometimes lead to long-term
deterioration. Carbonation can lower the pH of the pore solution from 13 to 9, which increase
the solubility of certain metals in the material (Rha, Kang & Kim, 2000). The carbonation

process and its effects are summarized in the following sections.

1.5.1 Natural carbonation phenomenon

Under normal conditions, the carbon dioxide concentration in ambient air has an average
concentration between 0.03 and 0.04%. (Thiery, Villain, Dangla & Platret, 2007). This
concentration can reach 1% in urban areas, particularly locations subject to heavy traffic.
Carbonation is a slow process governed by the source of CO: available for reaction and its
diffusion through the material (Venhuis & Reardon, 2001). Indeed, the direct consequence of
the consumption of portlandite by the carbonation reaction is a drop in the pH of the pore
solution and the internal structure of the matrix. Carbonation can also cause shrinkage of the
matrix, which could lead to long-term cracking of the structure, as presented in Section 1.6.2.1.
(Chen, Thomas & Jennings, 2006). Experimental findings revealed that CO2 can effectively

immobilize certain metals in contaminated soils (Valls & Vazquez, 2001).
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When concrete is exposed to air, atmospheric CO2 diffuses into the pores and comes into
contact with the pore water. Thiery et al. (2007) demonstrated that CO: (g) first dissolves in
water according to reaction (1.10). The dissolved CO:z (aq) converts to carbonic acid (H2COs3)
(reaction 1.11). Then, carbonic acid changes to bicarbonate ion (HCO3"), (reaction 1.12).

Finally, the bicarbonate converts to carbonate ion (CO3*), (reaction 1.13).

COzg) < COsqq) (1.10)

COzaq) + H,0 < H,CO5 (1.11)
H;C03(aq) + OH™ < HCO34q) + H,0 (1.12)
HCO3q) + OH™ & CO03(4q) + H,0 (1.13)

The pore solution in cementitious materials is highly alkaline prior to carbonation. Based on
Equations (1.12) and (1.13), the dissolution of carbon dioxide in the pore solution leads to a
lowering of the pH of the pore water. The pH value of the solution affects the speciation of the

CO2 1n the pore solution (Valsaraj & Melvin, 2000).

1.5.1.1 Carbonation of portlandite

During the carbonation process, CO2 reacts with the main products of hydrated cement such
as the C-S-H gel, portlandite, and ettringite. The reactions produce calcium carbonate. Figure
1.5 summarizes the different chemical species involved in the carbonation of cement paste
containing CH and C-S-H in the presence of water (Czarnecki & Woyciechowski, 2015).
Figure 1.5 depicts that COz2 (g infiltrates the matrix, dissolves in the pore solution as COz (ag),
and reacts with cement hydrates, such as CH (g), resulting in the formation of CaCOs3 ).
Specifically, the diffusion of COz causes the dissolution of Ca(OH)2, owing to the decrease in
pH of the pore water, as evidenced in reaction (1.14). Subsequently, the dissolved calcium ions

engage in a reaction with carbonate ions, leading to the precipitation of calcium carbonate in
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the pores (Venhuis & Reardon, 2001), as shown in reaction (1.15). Ultimately, the carbonation

of portlandite can be expressed in reaction (1.16).

CH & Ca?* + 20H- (1.14)
Ca?* + C0Z & CaCOs, (1.15)
CHy + CO, = CaCOs + Hy0 (1.16)

Savija & Lukovié (2016) mentioned that a thin coating that forms when CaCOs precipitates in
pores and around portlandite crystals slows the carbonation of Ca(OH).. The calcium
carbonates formed during carbonation can exist in three polymorphic forms: vaterite, aragonite
and calcite. Calcite is the most stable form under standard temperature and pressure conditions

(Plummer & Busenberg, 1982).
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Figure 1.5 Main chemical species involved in the carbonation phenomenon
Taken from Czarnecki & Woyciechowski (2015, p. 43)
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The precipitation of CaCOs caused by the carbonation of portlandite is accompanied by a
release of water from the binder structure. Water is required for the dissolution of CO2, but the
presence of excessive water can clog the pores, and impede CO: penetration and the
carbonation process (Bertos, Simons, Hills, & Carey, 2004; Venhuis & Reardon, 2001). CO2
diffuses more quickly into the pores via the gas phase than through the aqueous phase (Savija
& Lukovi¢, 2016). According to Savija & Lukovi¢ (2016) the presence of a large amount of

water in the pores makes it more difficult for COz to penetrate the sample, as presented in

Figure 1.6.
Solid phases Small pores filled
oy pee with pore water Large pores Unsaturated pores
Continuous carbonation Cyclic carbonation

Figure 1.6 CO: distribution during the continuous and cyclic process
Taken from Savija & Lukovi¢ (2015, p. 25)

1.5.1.2 Carbonation of calcium silicate hydrate

The carbonation/decalcification of C-S-H has been studied by many authors who have
presented the dissolution mechanisms (Bonen & Sarkar, 1995; Nishikawa & Suzuki, 1994;
Savija & Lukovié, 2016). Nishikawa & Suzuki (1994) concluded that the reaction between
carbon dioxide and C-S-H leads to the formation of insoluble silica gel and calcium carbonate,

and the release of water, as indicated in the following reaction:
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C—S—H + CO, » CaCOs + Si0,+ H,0 (1.17)

The carbonation of C-S-H is influenced by its Ca/Si ratio. Black, Garbev & Gee (2008) used
X-ray spectroscopy to investigate the impact of the Ca/Si ratio on the initial age of C-S-H.
They observed that the amorphous calcium carbonate was the first carbonation product.
Furthermore, the decalcification of the C-S-H was completed at high C/S ratios between 1.33
and 1.50 compared to low C/S ratios between 0.67 and 0.75. Savija & Lukovié (2016)
explained that when the Ca/Si ratio declines (during carbonation), the rate of C-S-H
decomposition rises. They also showed that decreasing the Ca/Si ratio results in less CaCO3
being produced since there is less calcium available to react with the CO.. In addition, the
effect of carbonation on the binders fades over time due to the gradual formation of calcium
carbonates and the release of water, which clogs the pores, thus reducing the diffusion of
atmospheric CO2 (Tracz & Zdeb, 2019). According to Savija & Lukovi¢ (2016), the
carbonation of C-S-H is slowed down by a thin coating that forms around it. This coating is
comparable to that which forms around CH. Although the carbonation of CH and C-S-H seems
to occur simultaneously, the carbonation of CH has priority over C-S-H (Groves, Rodway &

Richardson, 1990; Savija & Lukovié, 2016).

1.5.2 Factors influencing the carbonation process
1.5.2.1 Factors related to the surrounding environment

Relative humidity (RH) is an essential factor that can affect the process of carbonation. Figure
1.8 depicts the carbonation rate at 20°C as a function of RH measured for various concrete
mixtures. The optimum value of relative humidity is between 60 and 70% (Ashraf, 2016), and
the maximum depth reached by the carbonation occurs at RH of 65%. At low RH, the
carbonation process is very lengthy because the volume of water is not sufficient to dissolve
large amounts of CO: (Bertos et al., 2004; Elsalamawy, Mohamed & Kamal, 2019;
Johannesson & Utgenannt, 2001; gavija & Lukovié, 2016). In contrast, water condensation in
the pores at high humidity prevents the penetration of CO: (Elsalamawy et al., 2019;
Johannesson & Utgenannt, 2001; Loo, Chin, Tam & Ong, 1994; Morshed & Shao, 2013). The
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differences in the results observed in Figure (1.7) are due to differences in W/C ratios and

cement type.
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Figure 1.7 Relationship between the depth of carbonation and RH
Taken from Elsalamawy et al. (2019, p. 1262)

1.5.2.2  The influence of composition parameters

The composition of cementitious materials, such as type of cement, microstructure and
aggregates, play a vital role in the carbonation process. Fore example, Carbonation reactions
prefer materials containing calcium or silicon salts, such as Portland cement. The effectiveness
of carbonation increases with the amount of Ca/Si ratio and calcium content in the materials.
Additionally, adding pozzolanic materials enhances the degree of carbonation (Bertos et al.,
2004; Ekolu, 2016; Hills, Sweeney & Buenfeld, 1999). Furthermore, the microstructure of the
matrix depends on many factors such as the W/C ratio and compaction method. The higher

water-cement ratio leads to an increase in porosity, thus prompting CO: penetration. In
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contrast, high-compaction pressure leads to reduced porosity, which prevents CO2 penetration
(Bertos et al., 2004; Morandeau, Thiéry & Dangla, 2015). Moreover, aggregates often do not
affect chemical carbonation reactions. Their primary effect is a modification of the porous
structure (i.e., tortuosity) and, therefore, the diffusion of CO2 (Bertos et al., 2004; Johnson,
MacLeod, Carey, & Hills, 2003; Wong, Zobel, Buenfeld & Zimmerman, 2009).

The degree of carbonation decreased when the cement content increased (Rao & Meena, 2017).
This can be attributed to the fact that when there is more cement, more CH will form and more
Ca?" will be available for carbonate precipitation, which increases the consumption of COz.
Moreover, the reduction of mixing water volume and an increase in cement dosage can
decrease the porosity, thereby impeding the diffusion of CO: into the porous network (Song,
Kwon, Byun & Park, 2006). Furthermore, extending the curing duration facilitates hydration,
reduces porosity, and retards COz diffusion within the pores (Fattuhi, 1988).

Therefore, a cementitious material with a high porosity will be carbonated more quickly than
a material with a low porosity. Indeed, the presence of micro-cracks will significantly
accelerate the diffusion of CO2 (Isgor & Razaqpur, 2004; Song et al., 2006).Conversely,
carbonation depth will decrease when the permeability decreases (Khan & Lynsdale, 2002).

1.5.2.3 Concentration of CO; and pore saturation

The degree of carbonation increases with CO:2 concentration (Ashraf, 2016; Castellote,
Fernandez, Andrade & Alonso, 2009; Cui, Tang, Liu, Dong & Xing, 2015; Sanjuan, Andrade
& Cheyrezy, 2003). Sanjuan et al. (2003) utilized 5% CO2 and 100% CO2 and discovered that
a high COz concentration induces a carbonation rate up to 40 times higher than for a low CO2
concentration Additionally, the authors concluded that subjecting concrete to laboratory
accelerated carbonation for 5 days, whereby it is exposed to 100% COz, can yield an equivalent
quantity of calcium carbonate to that generated through natural carbonation occurring over a
year in the field. Subsequent to two years of natural carbonation, the average penetration depths
were roughly 40 times lesser than those observed in accelerated carbonation under 100% CO2

conditions. This suggests that the laboratory process can significantly hasten the carbonation
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process while producing results that are comparable to those of natural carbonation.
Nonetheless, it is crucial to note that laboratory conditions may not entirely simulate natural
settings, and the effectiveness of carbonation may be influenced by various factors such as test
method, CO2 concentration, humidity, W/C ratio, and the presence of other chemical additives.
Castellote et al. (2009) employed three different CO2 concentrations in their study: 3%, 10%,
and 100%. The researchers concluded that the decomposition of calcium silicate hydrate (C-
S-H) increased as the concentration of carbon dioxide increased, leading to the complete

disappearance of C-S-H.

In addition, a study by Cui et al. (2015) investigated the effects of carbonation on concrete,
utilizing CO2 concentrations ranging from 2% to 100%. The results of the study, depicted in
Figure 1.8, demonstrate a clear correlation between CO: concentration and the depth of

concrete carbonation at various test ages.
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Figure 1.8 Relation between CO2 concentration and carbonation depth
Taken from Cui et al. (2015, p. 524)



32

Four CO2 concentration change zones were identified, and it was observed that concrete
carbonation depth increased with higher CO2 concentration levels, with the most significant
increase occurring in zone 1 (2-10% COz2 concentration) and the least significant increase in
zone 4 (50-100% CO:2 concentration). Notably, the increase rates varied across the different
concentration zones. Furthermore, the significance of the relationship between CO:2
concentration and carbonation depth decreased when CO:2 concentration exceeded 20%. In
other words, when the CO2 concentration is small, the influence of an increase in CO2
concentration is more important than when the COz concentration is large. However, Figure
1.8, shows that the penetration increases rapidly, and the relationship between CO:2
concentration and carbonation depth was non-linear and consistent across 7d, 14d, and 28d

carbonation ages.

The impact of carbon dioxide pressure on the carbonation rate of cementitious materials is
important to consider in the laboratory experiments of the S/S matrix. For example, when CO2
is applied at high gas pressures, the CO2 permeates the whole matrix before clogging the pore,
resulting in good carbonation (Ashraf, 2016; Bukowski & Berger, 1979). Additionally, CO2
applied under vacuum conditions can induce the carbonation process due to keeping the porous

system open (Bertos et al., 2004).

1.5.3 Main consequences of carbonation on cement-based materials

1.5.3.1 Change in pH

As previously mentioned, the first consequence of carbonation is a drop in pH, which results
from the dissolution of Portlandite in the pore solution and its reaction with dissolved CO2 (El

Bedoui, Duhaime & Dubég, 2018).
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1.5.3.2 Modification of the microstructure

It is acknowledged that carbonation can modify the microstructure of cement-based materials
as a result of the dissolution of CH, the decalcification of C-S-H, and the formation of CaCO3
(Auroy et al., 2015; Morandeau, Thiery & Dangla, 2014). The microstructural modifications
observed in cementitious materials can be explained in the following way (Van Tittelboom &

De Belie, 2013):

e Water enters the crack with a pH between 6 and 7.5. In the pore solution, the Ca®" from
portlandite and CSH increases the pH value (pH >8). This pH value increases calcium
concentration in the crack and converts bicarbonate into carbonate (formation of calcium

carbonates).

e CO:2dissolved in water reacts with unhydrated cement particles or hydrated products such
as CH and C-S-H to form CaCOs (calcite), which precipitates in the pores (Li & Yang,
2007). According to Equations (1.14 and 1.15), these reactions are accompanied by a
release of water from the binder structure generated by the carbonation of hydrated

products.

e The volume of the calcium carbonate crystals increases to form a layer on the crack

surfaces. The thickness of this layer continues to increase and leads to sealing the cracks.

The aforementioned reactions can effectively reduce the porosity and modify the pore size
distribution in cementitious materials. These reactions are commonly referred to as self-healing
mechanisms, and a detailed explanation of them is provided in Section 1.8. It is important to
highlight that the continuation of these processes is dependent on the availability of calcium
ions in the fractures (Dow & Glasser, 2003). These microstructure changes occur because of
the lower molar volume of portlandite (33 cm®/mol) compared to calcite (35 cm®/mol)
(Kangni-Foli etal., 2021). Ngala & Page (1997) showed that applying 5% CO: causes capillary
pores to expand by up to 30 nm. Another investigation by Morandeau et al. (2015) used 10%

COz. According to their findings, carbonation can create large capillary pores, lower overall
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porosity, and modify the transport characteristics. Additionally, the reduction in pores is due
not only to the difference in the molar volume of CH and CaCOs, but also to C-S-H that
participates in reducing the solid volume of the matrix (Kangni-Foli et al., 2021; Ngala & Page,
1997; Pihlajavaara, 1968).

Table 1.3 shows examples of the influence of carbonation on porosity and pore size (Auroy et
al., 2015). Results are presented for four cement pastes with different binders. Paste PI was
prepared with Portland cement, whereas paste PIII, PV and PBP included varying proportions
of pozzolanic additives (slag, fly ash and silica flume). For each binder, carbonation results in
a CaCOs precipitate, which decreases the total porosity. The decrease in pore volume due to
carbonation is more significant for the paste without pozzolanic additive (PI). They explained
that the reduction in pore volume is directly associated with clinker substitution facilitated by
the pozzolanic additive. Specifically, the higher the initial CH content, the greater the reduction
in pore volume. Auroy et al., (2015) also show that the pore size distribution varies following

carbonation due to calcite formation.

Table 1.3 Influence of carbonation on porosity
Taken from Auroy et al. (2015, p. 51)

Cement types PI PIII PV PBP
Non-carbonated | 36.3% 39.8% 36.9% 41.0%
Porosity
Carbonated 21.1% 29.3% 27.6% 35.5%

1.5.3.3 Modification of hydraulic conductivity

The carbonation phenomenon may have a favourable influence on the transport system of the
S/S matrix. In the literature, many authors have studied the influence of carbonation on
concrete permeability (Bertos et al., 2004; Metalssi, Ait-Mokhtar, Turcry & Ruot, 2012; Ngala
& Page, 1997; Savija & Lukovi¢, 2016). Their findings demonstrate that carbonation reduces
the water permeability (k). The permeability results on cement samples revealed that after

carbonation, the permeability was reduced by several orders of magnitude (Dewaele et al.,
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1991). These results are consistent with the results obtained on Portland cement (CEM I) by
Auroy et al. (2015). They show that carbonation clogs the porosity, thus decreasing the

permeability.

These findings, however, contradicted another study. For example, De Ceukelaire & Van
Nieuwenburg (1993) demonstrated that the permeability of the concrete matrix increased
during accelerated carbonation (10% CO2) compared to natural carbonation (0.03% COz).
According to Lange, Hills & Poole (1996), the carbonation reaction produces thermal stresses
that lead to microcracking in the matrix of solidified waste. Also, these micro-cracks are
possible in the carbonated area owing to volume expansion during the carbonation process
(Johannesson & Utgenannt, 2001). According to Savija & Lukovié¢ (2016), the carbonation
process cannot continue to clog the pores over time since it eventually decalcifies C-S-H,
increasing porosity. The change in porosity may cause a shift in the pore size distribution
(PSD), for example, a slight increase in the proportion of capillary pores (pore size > 30 nm)

(Ngala & Page, 1997).

1.5.3.4 Influence of carbonation on metals leachability

The pH decrease to values < 9.5 associated with carbonation renders the binder vulnerable to
deterioration (acid attack) and can influence the release of metals (Bertos et al., 2004).
Carbonation can either increase or decrease the release of contaminants. Moreover, the release
of Ca decreases after carbonation (Garrabrants et al., 2004). Also, CO2 can induce C-S-H

decompastion, which increases the release of metal cations (i.e., Cu) (Valls & Vazquez, 2001).

As mentioned earlier, carbonation leads to consuming hydration products (e.g., C-S-H and CH)
and lowers pH, which causes a degradation in the S/S matrix (Johannesson & Utgenannt,
2001). For example, carbonation can weaken the S/S matrix by increasing the release of metals
such as calcium (Chen et al., 2009; Walton et al., 1997). Another study found that accelerated
carbonation can improve the physical and chemical properties of the S/S matrix, such as
lowering metal release (Lange, Hills & Poole, 1996). Perera et al. (2011) reported that the pH

of the S/S matrix decreases as a consequence of carbonation, which can lead to an increase in
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the solubility of metals in the pore solution. The extent of this increase in metal solubility is
primarily dependent on the magnitude of the pH reduction. Therefore, understanding the
factors influencing the extent of pH decrease is crucial in predicting the potential leaching of
metals from S/S materials subjected to carbonation. However, Al Tabbaa & Stegemann (2011)
showed that the contaminants may be encapsulated by carbonation products such as calcium
carbonate. Antemir, Hills, Carey, Magnie & Polettini (2010) also investigated how carbonation
affected S/S after four years of operation. The results demonstrated that Cu, Zn, and Pb were
sufficiently immobilized. After 17 years of remediation, Wang, Wang & Al-Tabbaa (2014)
investigate the performance of the solidification of contaminated soil. According to the results
of the leaching test, the release of copper, lead, cadmium, zinc, and nickel is still below

recommended values.

1.6 Mechanical Stresses

The cracking of cement-based materials plays a significant role in their durability (Van
Breugel, 2007). Rupture typically takes place when the stress reaches the tensile or
compressive strength of concrete. Cracks impact the hydraulic conductivity of cement-based
materials and contaminant transport in their matrix (Akhavan & Rajabipour, 2012; Banthia,
Biparva & Mindess, 2005; Picandet, Khelidj & Bellegou, 2009; Yi, Hyun & Kim, 2011). This

section discusses the mechanics of crack formation and the causes of cracking.

1.6.1 Causes of cracks formation

Regardless of the mechanical stress which generates the deformation, crack evolution has three
main stages. The first stage occurs in the first 24 hours of concrete hydration. During this stage,
the moisture content gradually decreases until the capillary pressure causes micro-cracks in the
concrete (Bisschop & Wittel, 2011; Wu, Farzadnia, Shi, Zhang & Wang, 2017). Water
consumption dries the matrix and causes shrinkage (as explained in section 1.6.2.1), which
increases the tensile stress. Because of the concrete young age, the tensile strength of the matrix

is insufficient to prevent the growth of micro-cracks. At this stage, the micro-cracks are
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distributed throughout the matrix and are hydraulically linked to the porosity network.
Consequently, the first stage leads to an increase in connected porosity (Wu et al., 2017). In
the second stage, the cracks grow as the stress increases along their edges. Crack growth is
followed by the release of strain energy (Hillerborg, Modéer & Petersson, 1976; Hussain, Pu
& Underwood, 1974; Sanchez, Drimalas, Fournier, Mitchell & Bastien, 2018). Hillerborg et
al. (1976) proposed that cracks will continue to propagate as long as the energy released during
crack growth exceeds the energy absorbed by the formation of new surfaces. Crack
development ends when the difference between the released and absorbed energies is zero. The
permeability increases noticeably during the second stage as the interconnection between the
micro-cracks grows (Akhavan & Rajabipour, 2012). In the third stage, macro-cracks are fully
formed, providing preferred pathways for fluid flow, while flow through capillary pores
becomes negligible. It is more difficult to describe the flow in cement-based materials at this

stage (Picandet et al., 2009).

There are three main causes for the formations of cracks in concrete: shrinkage, chemical

reactions, and external loads.

1.6.1.1 Shrinkage

Wu et al. (2017) and Houst (1997) pointed out that carbonation can cause concrete to shrink.
The shrinkage associated with carbonation is poorly understood and counterintuitive
considering that carbonation leads to a decrease in porosity due to the higher molar volume of
calcite compared to portlandite. The main hypotheses to explain carbonation shrinkage were
proposed by Powers (1962) and Swenson and Sereda (1968). According to Swenson and
Sereda (1968), the shrinkage would be due to the decalcification of C-S-H during carbonation.
The latter results were confirmed by Chen, Thomas, & Jennings (2006). Figure 1.9 shows

examples of micro-cracks produced by shrinkage.
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Figure 1.9 Micro-cracks due to shrinkage of paste
Taken from Van Breugel (2007, p. 3)

1.6.1.2 Chemical reactions

Internal swelling reactions (ISR) caused by the alkali-silica reaction (ASR) can degrade
concrete structures in the long term due to the formation of expanding reaction products,
leading to cracking and decreased compressive strength (Sanchez et al., 2018; Wang &
Noguchi, 2020). Certain minerals in aggregates can provide alkalis that react with the silica in
the aggregate to produce a hydrophilic gel, gradually filling the pores and causing expansion

(Mohammadi, Ghiasvand & Nili, 2020).

1.6.1.3 External loads

External stresses, such as mechanical loads, can induce damage to the structure of cement-
based materials, resulting in the creation of new cracks. Consequently, this leads to a decline
in the material's strength and an increase in transport properties due to the propagation of
micro-cracks (Hoseini, Bindiganavile, & Banthia, 2009; Picandet et al., 2009). The presence

of pre-existing microcracks can intensify the impact of external stresses, leading to the
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development and propagation of macrocracks. Upon exposure to external stresses, local
deformations occur in the matrix, generating micro-cracks. These newly formed micro-cracks
propagate throughout the material and intersect with primary pores, ultimately resulting in the

formation of macro-cracks (Sanchez et al., 2018).

1.6.2 Influence of cracking on concrete permeability

Cracks create preferential pathways for the flow of fluids and other agents (Hoseini et al.,
2009). The mechanical and hydraulic characteristics of the matrix are significantly affected by
an increase in fractures and pores. Indeed, by increasing the deformation, the permeability of
the material changes in a (more or less) progressive way (Hearn, 1999). In the presence of
cracks, the permeability of the materials tends to increase more markedly as the degree of
interconnection of the micro-cracks increases. In other words, fluids flow through the cracks

and barely passes through the matrix porosity.

Furthermore, the crack opening displacement was observed during loading and unloading tests
(Picandet et al., 2009; Wang, Jansen, Shah & Karr, 1997). Under loading, there is a relation
between the crack widths and the water permeability of concrete (Wang et al., 1997). For
example, the water permeability was not significantly affected when a crack opening
displacement was smaller than 50 microns. However, when the crack opening displacement
was between 50 and 200 microns, the permeability increased quickly. Finally, when the crack
opening displacement was larger than 200 microns, the water permeability became steady

(Wang et al., 1997).

Several authors have studied the influence of cracking due to external load on concrete
properties. Picandet et al. (2009) exposed a cracked concrete matrix to gas, and then to water
injection. They concluded that the water permeability increases with crack opening. However,
they also observed that the water flow through the cracked matrix gradually decreased for a
given crack opening. This decrease in permeability is the result of unhydrated materials

dissolving and calcite precipitating (Picandet et al., 2009). Li & Yang (2007) discovered that
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the fractures had been somewhat closed after unloading. Imran & Pantazopoulou (1996)
concluded volumetric expansion and cracking are more pronounced during uniaxial loading
than in the presence of confinement. In addition, the failure pattern under confining stress is
less brittle than in the case of an unconfined system. This means the confinement stress reduces

or slows the growth of the cracks (Imran & Pantazopoulou, 1996).

1.7 Leaching

In the literature, leaching refers to the process by which a liquid (e.g., water or solvent) induces
the extraction of soluble components from the solidified matrix (e.g., mortar or concrete)
(Catalan & Wetteskind, 2002; Poon et al., 1999; Zhang et al., 2009). Water is considered the
primary environmental factor responsible for leaching and carrying the mineral materials and
contaminants from and into the S/S matrix. For example, as the water penetrates the matrix, it
interacts with the matrix components, leading to the dissolution of cement hydrate and
changing the chemical equilibrium (Poon & Chen, 1999; Saito & Deguchi, 2000). In other
words, when the solidified matrix is exposed to external conditions (such as rain and freeze-
thaw cycles), its constituents, including major and trace elements, gradually leach into the soil
and water (Zhang et al., 2009). Mainguy, Tognazzi, Torrenti & Adenot (2000) stated that water
causes C-S-H to decalcify and CH to leach. Therefore, the consequences of these attacks on
the matrix can increase the porosity and permeability, which would reduce its compressive
strength (Mainguy et al., 2000; Saito & Deguchi, 2000). This phenomenon is particularly
evident in scenarios where water continuously flows, causing the matrix to persistently strive
for chemical equilibrium. Consequently, the elements in the matrix continually dissolve in the
pore solution and leach out into the surrounding environment, ultimately leading to their

release. The aggressiveness of water can also come from its acidity.

1.7.1 Selecting leaching test

The leaching of constituents from cementitious materials can be affected by several chemical

and physical factors, which can change over time. Changes in pH, physical structure, and water
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flow can all impact the leaching process. Even slight changes in these factors can significantly
affect the equilibrium water concentration and the release of constituents into the environment
(U.S. EPA, 2019). Predicting the long-term stability of the S/S matrix is generally based on its
chemical performance, which is addressed by leaching tests in the laboratory (Catalan et al.,
2002). For instance, laboratory leaching tests make it possible to estimate the immobilization
of contaminants by testing several parameters simultaneously. In the literature, there are
several protocols for leaching cementitious materials. The standard tests are the Toxicity
Characteristic Leaching Procedure (TCLP), the sequential chemical extraction (SCE) test,
column tests, and flow-through leaching. Several leaching test procedures have been utilized
to evaluate environmental stability by accelerating the degradation of the S/S matrix. On the
other hand, information on the long-term performance of S/S soils for real-field applications
is limited (Al Tabbaa & Stegemann, 2011). Catalan et al. (2002) reported that these laboratory
tests have several limitations for forecasting the long-term performance of S/S techniques in
real-field applications. However, there is no leaching test available that simulates
environmental conditions and estimates the stability of solidified materials in the long term
(Butcher, Cheeseman, Perry & Sollars, 1996). For example, according to Zhang et al. (2009),
leachant is not renewed under experimental conditions in the laboratory. In contrast, the
situation is significantly different under natural field conditions because water is in contact

with the S/S matrix, and leachant is continuously renewed (Catalan et al., 2002).

Furthermore, the TCLP test requires grinding the cementitious matrix into small particles (<9.5
mm) (U.S. EPA, 2019). The results are connected mainly to the tiny cementitious particles
rather than to the entire sample (Butcher et al., 1993). In studies using columns and Sequential
Chemical Extraction (SCE) tests, the material was also broken up into smaller particles
(Jackson, Garrett, & Bishop, 1984; U.S. EPA, 2019). Despite the fact that the American
National Standards Institute (ANSI) leaching tests overcame the particle size reduction issue,
the solidified sample had been submerged in water for three months (Butcher et al., 1993).
Many leaching test concepts are identical, and their findings are interpreted differently. The
question is: which test is suitable for the intended goal? In this context, it is crucial to

distinguish between the various leaching tests.
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1.7.1.1 Flow-through leaching test

In general, two processes can govern matrix leaching. It is determined mainly by the matrix
permeability and physical properties of the landfill. Figure (1.10a) illustrates the water flowing

around the matrix; (1.10b) shows water flowing through the matrix.

l S/S matrix

=

| Water flows l/

Figure 1.10 Water flowing (a) around the matrix; (b) through the matrix

Moreover, Poon et Chen (1999) mentioned that when the matrix is more permeable than the
surrounding components, water flows through the matrix's pore structure. If the materials
around the matrix are more permeable than the matrix, water, flows around the matrix. Water
can also flow as a result of a combination of the two processes (around and through the matrix).
The flow-through leaching test is considered an essential tool for predicting the long-term
behaviour of solidified waste. It enables the characterization of the stabilized/solidified waste
and the identification of the crucial factors governing its release. In order to assess the long-
term stability of S/S, a flow-through leaching test is required (Butcher et al., 1993; Poon &
Chen, 1999; Zhang et al., 2009).

During a flow-through leaching test, water is allowed to flow through the pores of the sample
rather than around it. When water flows through the pores, it comes into contact with the S/S

materials, altering the dissolution of the more stable mineral phases and carrying the
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contaminants (Poon, Chen, & Wai, 2001; U.S. EPA, 2019). In other words, it interacts with
cement materials (which are the essential constituents of the matrix) and causes their
dissolution, resulting in the leaching of constituents (such as calcium leaching) (U.S. EPA,
2019). The remaining contaminants and materials will continuously dissolve to re-establish
equilibrium, thereby accelerating the contaminant gradient (Butcher et al., 1993; Mainguy et
al., 2000). In addition, the quantity of leachable contaminants depends on their solubility and
concentration in the matrix. It is also highly dependent on the permeability of the S/S matrix.
A concrete matrix has a pore solution with a pH greater than 13, and any solution with a lower
pH is deemed aggressive. Thus, natural water with a pH less than 7 might have an acidic

character.

1.8 Self-healing Phenomenon

Numerous terms, including "self-healing," "self-sealing," and "autogenous healing," are used
in the literature to explain the crack healing phenomenon (Ferrara et al., 2018; Hearn, 1998).
Due to the similarities between these terms, the reader may occasionally confuse them. The
term "healing" refers to the ability of cracks to close via external influences such as adding
capsules that contain epoxy resin (Van Tittelboom & De Belie, 2013). On the other hand, the
phrase "self-healing" describes the ability of the cementitious material to close concrete cracks
without any healing agents that enhance the repair (Hearn, 1998; Van Tittelboom & De Belie,
2013). This phenomenon includes several processes and is dependent primarily on the
chemistry of cement components and the accessibility of water. However, information
regarding this phenomenon remains relatively rare. According to Zhong & Yao (2008), micro-

cracks might be closing over time due to the phenomenon of self-healing.

1.8.1 Self-healing mechanisms

According to the literature, the primary causes of self-healing mechanisms can be classified

into three groups: physical, chemical, and mechanical mechanisms (De Belie et al., 2018;
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Hearn, 1998; Jacobsen & Sellevold, 1996; Heide & Schlangen, 2007). Figure 1.11 presents the

primary mechanisms for enhancing self-healing (De Belie et al., 2018).

Physical cause Chemical causes Mechanical causes
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Swelling Continued | Calcium carbonate | Broken of from | Originally in
hydration | formation fracture surface | the water
1

Figure 1.11 Self-healing mechanisms
Taken from De Belie (2018, p. 3)

These mechanisms do not occur sequentially, but rather separately or in combination.
Furthermore, the presence of water is required for these processes to achieve autogenous

healing.

Self-healing was noticed in concrete structures that were in contact with water. For example,
healing occurs between the two surfaces of a crack in the presence of water and possibly with
dissolved carbon dioxide (Herbert & Li, 2013). In other words, water is required since self-
healing is reliant on chemical mechanisms such as interactions between water and unhydrated
cement particles on the crack surface (Van Tittelboom & De Belie, 2013). Hearn (1998)
mentioned that white crystals formed a layer on the crack surfaces. He stated that these crystals
are formed by the carbonation of Ca(OH): or by reactions between Ca(HCOs)2 and
Ca(OH)z. In addition, he carried out a study that focused on healing using water permeability
measurements. He concluded that autogenous healing can significantly lower the water

permeability of the matrix. According to Herbert & Li (2013), as the water passes into the
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pores and fractures of the matrix, it causes minor micro-cracks to heal. Other complementary
phenomena that induce cracks to close involve swelling of the cement paste or physical
clogging by accumulating small particles after loading (De Belie et al., 2018; Van Tittelboom
& De Belie, 2013). As stated by Heide & Schlangen (2007), compressive pressures induce the

edges of a crack to close together and narrow, which facilitates healing.

1.8.1.1 Formation of calcium carbonate (CaCQ3)

The phenomenon of concrete carbonation causes the precipitation of calcium carbonate
(CaCO:s) in cracks. Calcite precipitation is quite active in concrete that contains a substantial
quantity of portlandite, particularly with a high W/C ratio. The self-healing phenomenon in
cementitious materials occurs as a result of the increase in the volume of calcite precipitate,
which is a consequence of portlandite and C-S-H carbonization (Van Tittelboom & De Belie,
2013). This precipitation leads to the formation of a layer on the crack surfaces, ultimately
resulting in the sealing of cracks. A detailed explanation of this process has been provided in

Section 1.5.

1.8.1.2  Continued hydration phenomenon

It is well known that unhydrated cement particles are disseminated throughout the concrete
matrix when insufficient hydration exists. In addition, these particles will remain dehydrated
for an extended period because the matrix does not recontact with water. Moreover, when the
W/C ratio of concrete is lower than 0.42, the cement is not entirely consumed by the hydration
reactions. According to Li & Yang (2007), up to 25% of the cement in the matrix may not be
hydrated at low W/C ratios. This resulted from the lack of water, either difficulty accessing

water to the non-hydrated grains of cement or from the lack of water (Van Der Zwaag, 2007).

When cracked concrete is exposed to water, the hydration reactions can resume according to
the same equations as primary hydration (Li & Yang, 2007). The quantity of penetrated water
that enters the matrix in the presence of micro-cracks may be greater than the amount of water

that is added to the matrix during the mix. Furthermore, the percentage of hydration products
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before and after continuous hydration may differ. Herbert & Li (2013) investigated the ability
of the concrete matrix to restore rigidity after being exposed to natural environmental
conditions. They discovered that as exposure time increases, matrix stiffness also increases,

which can be attributed to self-healing created by ongoing hydration.

1.8.1.3  Accumulation of particles

Another hypothesis related to the mechanical phenomenon is particle accumulation. The
appearance of cracks generates small particles (e.g., cement paste and aggregates), which can
be carried by water to the narrowest areas of the fissure (Snoeck, Van Tittelboom, Steuperaert,
Dubruel & De Belie, 2014). According to Banthia et Mindess (1989), tiny particles could
become dislodged by the high-pressure gradient and block the pores, thereby progressively
decreasing the permeability. The contribution of the particle accumulation mechanism to self-
healing remains insignificant (De Belie et al., 2018). Although self-healing can close fractures
and reduce the water permeability in the matrix, the matrix may not necessarily recover its

original properties such as strength and stability (Herbert & Li, 2013).

1.8.2 Parameters influencing the self-healing
1.8.2.1 Influence of crack width on self-healing

Studies have shown that the capacity of a cracked matrix to heal itself is significantly linked
to crack width (Herbert & Li, 2013; Ramm & Biscoping, 1998). According to various studies,
even though the maximum permitted crack width for self-healing should be between 50 and
200 pm, this might be challenging depending on the environmental circumstances (Li & Yang,
2007; Snoeck et al., 2014; Van Der Zwaag, 2007). Yang (2008) concluded that a crack that is
less than 50 um wide heals entirely, while it heals only partially if the crack width is 150 um
or greater. Additionally, with crack widths ranging between 20 and 80 pum, Yang (2008)
obtained positive results for crack healing. Figure 1.12 illustrates the evolution of the relative

flow over time for crack openings at various widths of 0.05, 0.1, and 0.15 mm (Reinhardt &
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Jooss, 2003). This figure explains that the flow decreases more quickly for a crack opening of

0.05 mm than for those of 0.1 and 0.15 mm.

1.8.2.2  Influence of matrix properties: pH, age, and W/C ratio

The matrix characteristics play a significant role in improving the ability of a matrix to self-
heal and extend its lifetime. Ramm and Biscoping (1998) studied the healing phenomenon by
continuously passing water of various acidity levels (pH =5.2, 6, and 7) under pressure through
cracks of 0.2, 0.3, and 0.4 mm. They concluded that healing is more significant in the case of
a high pH value of 7. The influence of the age of the concrete and the W/C ratio are interrelated.
Indeed, the age of the concrete is an important parameter. Zhong & Yao (2008) demonstrated
that the healing mechanism produces favourable results when the damage occurs when
concrete is fresher. For example, when newer concrete is cracked, the hydration of anhydrous
cement could explain the healing process (Zhong & Yao, 2008). Schlangen, Heide & Breugel
(2006) evaluated the matrix's capacity to recover stiffness at various ages (the matrix was kept
submerged in water). They discovered that the rate of strength recovery slowed as the sample
aged (cured), and the effect became less pronounced when cracking occurred in older concrete

or mortar.
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Figure 1.12 Water flow as a function of crack width
Taken from Reinhardt (2003, p. 984)
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According to Li & Yang (2007), a low water-to-cement ratio combined with a large quantity
of fly ash can stimulate self-healing thanks to ongoing hydration. Furthermore, the matrix with
a low W/C ratio retains a significant amount of unhydrated cement grains (Ferrara et al., 2018).
The continued hydration of cementitious materials produces C-S-H gels, thus inducing self-
healing (De Belie et al., 2018). However, the capacity of a matrix to self-heal in a matrix with
a high water-to-cement ratio is limited, and is dependent mostly on the amount of water added

during mixing (Ahn & Kishi, 2010).

1.8.2.3 Influence of humidity

Healing can occur only in the presence of water since it is mainly the result of chemical
reactions between water and certain compounds exposed to concrete near the crack (Clear,
1985). Therefore, water is essential; it can be stationary or flow through the crack (Ferrara et
al., 2018; Li & Yang, 2007). According to Li & Yang (2007), in the case of sufficient water,
Ca(OH)2 can react with dissolved COz in water and migrate much quicker. If the matrix is less
humid, there is less dissolved COz for calcite formation (Ferrara et al., 2018). Schlangen et al.
(2006) studied the change in healing when using two methods: submerging the sample in water,
or leaving the sample in a room with a relative humidity of 95%. They concluded that the
healing (in terms of recovered strength) was different depending on the level of humidity. In
the case of water immersion, crack healing occurs exclusively under conditions of sufficient
humidity. However, when the relative humidity (RH) is at 95%, this process occurs at a very

slow rate, and there is no observable improvement in mechanical properties.

1.8.3 Effect of healing on concrete properties

Many mechanical tests were conducted to understand the effect of healing on the mechanical
behaviour of concrete, such as tensile, compression and non-destructive techniques (De Belie
et al., 2018; Granger, Loukili, Pijaudier-Cabot & Chanvillard, 2007; Herbert & Li, 2013;
Snoeck et al., 2014; Van Tittelboom & De Belie, 2013). Their results showed that the matrix

had been healed, and that its strength had slowly recovered. However, the stability of self-
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healing products is debatable because they have lower resistance than the initial hydration
products. For example, Li & Yang (2007) concluded that cracking occurs in the place where
the crack had healed when the healed sample is subjected to a reloading cycle. Moreover,
Jacobsen & Sellevold (1996) noted a slight increase in the compressive strength (up to 5 %)

after three months of storage in water following damage due to freeze-thaw cycles.

1.9 X-Ray Micro-Tomography (CT Scans)

Understanding the S/S mechanisms and evaluating their long-term performance cannot be
based solely on physical and chemical analyses (Klich et al., 1999). Micro-CT scan and high-
resolution imaging are required (Carlson, Denison & Ketcham, 2000; Van Geet, Lagrou &

Swennen, 2003).

1.9.1 Principle of tomography

The main concept behind tomography is to acquire several images of the object from various
angles by measuring the transmission of X-rays through the object's internal structure. X-rays
travel as straight lines and pass through an object. The object will absorb some of the X-rays,
reducing the intensity of X-rays and then forming a shadow image (Ferrara et al., 2018). In this
process, incoming X-rays will hit a fluorescent screen (detector), and the energy of the X-ray
is absorbed and re-emitted as visible light. Thus, the fluorescent screen converts the energy of
X-rays into the light to form images. These images will later be reconstructed by a computer
program. Figure 1.13 illustrates the micro-CT scan process schematic and elements. A
tomographic acquisition system is comprised of four elements: a source of X-rays, a detection
system, a mechanical system for handling and rotating the object, and a computer for control

(i.e., acquisition, reconstruction and analysis).

Micro-computed tomography is a useful technique with a wide range of benefits for
researchers, such as high-resolution 3D images and the provision of quantitative data. The

main advantage of an X-ray micro-CT scan is that a sample can be imaged many times without
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destroying it, which allows other tests to be run on the same sample (Cnudde & Boone, 2013).
X-ray CT can also provide a better analysis of the internal matrix’s structure without the need
for sample preparation or pre-treatment (Kaddhour et al., 2013; Kong, Wei, Wang, Chen, &
Wang, 2020). However, the main drawback of imaging techniques using X-rays relates to the
establishment and monitoring of radiation protection standards, which can be restrictive.
Furthermore, the high image resolution is limited for small matrices (Snoeck, Dewanckele,

Cnudde & De Belie, 2016; Wang et al., 2014).

X-ray Source

Rotation System

Figure 1.13 Schematic of the micro-CT and its elements

1.9.2 Micro-CT applications in geotechnical engineering

Many researchers have used image analysis with segmentation algorithms with appropriate
threshold techniques for thorough damage analysis. Figure 1.14 illustrates the CT images
before and after segmentation. Hazlett (1997) stated that prior to, the existence of tomography,
displaying 3D pore structures was possible only through statistical or process-based models.
Carlson, Denison & Ketcham (2000) reported that the effect of X-ray attenuation is more
significant at low energy levels, and that the X-ray attenuation coefficient can be used to
distinguish mineral phases with contrasting densities density. Vogel (2005) wrote that the
attenuation of X-rays depends on X-ray energy and the density of the material under

investigation.



(a)

Figure 1.14 2D images (a) original image and (b) segmented image
Taken from Snoeck et al. (2016, p. 86)
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X-ray CT can provide a better analysis of the internal structure of samples if there is a

significant difference between the density and the atomic composition of materials under

investigation. Van Geet et al. (2003) evaluated the porosity of limestone and compared the

results with other techniques. They found that, micro-CT scans provide a precise 3D image of

total porosity measurements and macro porosity distributions after the calibration. Moreover,

they showed that the porosity images are better than the results obtained from optical

microscopy measurements. Wang et al. (2014) investigated self-healing in mortar samples (D

= 8 mm, h = 10 mm) using high-resolution X-ray uCT. As observed in the second column of

Figure 1.15, the 3D images indicated that the CaCOs precipitation (in yellow) was

predominantly dispersed on the surface layer.
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Figure 1.15 Distribution of healing products in 3D images
Taken from Wang et al. (2014, p. 301)

Lanzon et al. (2012) reported on their study of the crystallization of anhydrous and hydrated
salts in the pores of limestone by using synchrotron X-ray micro-CT scanning. They concluded
that synchrotron X-ray p-CT is a promising technique for examining the pore space distribution
of salts. De Argandona et al. (1999) evaluated pore structure using computed X-ray
tomography during freeze/thaw cycles. They discovered that fissures formed, and observed
that samples began crumbling after twelve freeze/thaw cycles. Ranachowski et al. (2014) used
micro-CT to analyze the matrix's microstructure. Their findings demonstrated that a micro-CT
scan was beneficial in characterizing porosity and pore size distribution. Snoeck et al. (2016)
investigated a cementitious sample that measured 10 mm in height and 6 mm in diameter. They
discovered that micro tomography is an effective method for evaluating porosity and self-

healing products.
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A series of operations such as image filtering, segmentation, and analysis methods can be used
to identify fractures in images (Hornain, Marchand, Ammouche, Commene & Moranville,
1996; Iyer & Sinha, 2005; Vidal, Ostra, Imaz, Garcia-Lecina & Ubide, 2016; Yiyang, 2014).

Image segmentation is the process of partitioning an image into multiple regions of interest
that are easier to further analyze. In the literature, details on segmentation methods used in X-
ray CT images remain limited (Taina, Heck & Elliot, 2008). There are various methods that
users can utilise for image segmentation, including simple thresholding, double thresholding,
and machine-based algorithms (automatic thresholding). In general, histogram thresholding
(binary image) is the most often used approach in image segmentation. Yang, Wu, Miao & Liu
(2014) used pre-processing of images to increase the contrast between the solid phase and the
pore phase. Finally, based on the gray-level histograms (visual examination), they select
thresholding to discriminate between particles and pores. Figure 1.16 shows their procedure

(image pre-processing) to distinguish between pores and solid phases.

Thresholded

Binary image-pores (black) 3D volume

Figure 1.16 Image pre-processing procedure
Taken from Yang et al. (2014, p. 834)

Due to the low X-ray attenuation contrast in a cement matrix, image segmentation can be
difficult, particularly when choosing the optimal threshold. For instance, in the presence of
healing products, it might be difficult to distinguish between cracks, pores and healed cracks

(Ferrara et al., 2018; Snoeck et al., 2016; Wang et al., 2014). Fukuda et al. (2012) used micro-
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focus X-ray CT scans to study self-healing in concrete. Their findings in 2D images, as

presented in Figure 1.17, indicate that cracks were sealed solely at the sample's surface.

Before treatment After treatment

Figure 1.17 CT images of the crack healing
Taken from Fukuda et al. (2012, p. 1496)

Snoeck et al. (2016) investigated the autogenous healing of small cylindrical samples with
dimensions of 10 mm in height and 6 mm in diameter using an X-ray uCT scan. They
concluded that pCT is an effective method for examining self-healing products in a

cementitious matrix, as shown in Figure 1.18.

Filtering techniques are also considered to be an effective image processing method. Salman,
Mathavan, Kamal & Rahman (2013) proposed an approach to identify fractures in digital
images with a detection precision of 95%. Talab, Huang, Xi & HaiMing (2016) proposed a
new method to identify fractures in images of concrete structures obtained by optical
fluorescent microscopy. Their methodology consists of three stages: 1) change the image from
a colour to a greyscale image by using the edge of the image, and use Sobel’s method to
develop the image and to distinguish fractures; 2) categorize the image into foreground and

background by using appropriate threshold binary images of the greyscale pixel; and 3) use
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Sobel filtering for the elimination of residual noise once the images are classified. After this

filtering procedure on the image, cracks are detected using Otsu's method.

(a) (b) (c)

Figure 1.18 3D distribution of a) small pores (grey) and macropores (blue),
b) cracks (red), and ¢) healing products (yellow)
Taken from Snoeck et al. (2016, p. 90)

1.10 Summary and Research Objectives

Cement-based stabilization/solidification (S/S) techniques have been widely used to produce
stable forms of contaminated soil (Perera et al., 2011). The S/S matrix is designed to
immobilize contaminants (physically and chemically) in the matrix rather than treat them.
However, this technique might lose its efficiency if the integrity of the S/S matrix is exposed
to a chemical attack such as CO: penetration or physical damage such as microcracks

formation, which is often a result of external stresses.
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Numerous laboratory experiments have proven the effectiveness of the S/S technique in the
remediation of polluted soil. In general, these experiments and methods facilitate the
evaluation of the effectiveness of the S/S technique; however, they typically lack clear
evidence of its long-term performance and rarely incorporate confining stress. Confining
stresses are known to influence the S/S process performance in the long term (e.g., growth of
cracks). Although various tests exist that focus on leaching cementitious materials in the
literature, these laboratory experiments have several limitations in estimating the long-term
performance of S/S binders (Catalan et al., 2002). Under confining stress conditions, the
release of contaminants from the binders to the environment will differ. Moreover, the way
water interacts with S/S binders in laboratory leaching tests remains unrealistic and does not
represent field conditions. More specifically, in certain experiments, leaching is not renewed,
and size reduction occurs by breaking a sample down into smaller particles. In field
circumstances, on the other hand, the water in contact with the S/S matrix is constantly
renewing. In addition, contaminants treated by S/S are not removed or destroyed; hence it is
important to ensure that these contaminants will be immobilized in the long term. It is also
notable that the long-term information regarding the physio-chemical performance of S/S

remains sparse.

Given those considerations, this thesis aims to evaluate the effects of environmental conditions
such as mechanical loading and carbonation on the physicochemical properties of the S/S

matrix. It will consist of the following tasks:

1. Identify the influence of mechanical loading and carbonation on the hydraulic

conductivity and unconfined compressive strength of a S/S matrix.

2. Determine the effect of mechanical loading and carbonation on the leaching of metals

and the self-healing phenomenon.

3. Examine the stability of the S/S matrix in terms of change in microstructure, and define

the parameters impacted by these conditions.
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The experimental conditions and the materials studied created additional difficulties: relatively
high gas pressures and high confinement pressures; in addition, specific axial loading rates
were needed. Specific experimental devices, materials and protocols had to be developed in
order to achieve the study's goal. The main experimental points that were considered to achieve

the goal are as follows:

e Create a triaxial cell to combine the effects of micro-cracks and the acceleration of
carbonation on the solidified sand. This method must be implemented to represent the

impact of environmental conditions under the confining stresses.

e Establish five experimental scenarios to simulate the effects of carbonation and loading
on the properties of the solidified sand. Two protocols were chosen for the water injection

regime and total injection time. Each test protocol consists of five test scenarios.

e Develop a micro-Ct scan method to investigate the effect of these conditions on the
internal microstructure of the solidified sand. The samples were subjected to a micro-CT

scan before and after the application of the protocols.






CHAPTER 2

MATERIALS, METHODS, AND EXPRIMENTAL FRAMEWORK

In this project, a triaxial cell was used to determine the effect of strain and carbonation on S/S
materials. The triaxial cell allowed carbonation and deformation to be applied under a
confining stress. It also allowed leaching and permeability tests to be conducted on the S/S
materials. Tests were also conducted to study the influence of carbonation and loading on
mineralogy and microstructure with thermogravimetric analysis (TGA) and micro-CT. The
objective of this chapter is to present the materials (samples and equipment) and the test

program.

2.1 Leaching Protocols and Stressor Scenarios

Each test comprises a series of water injection stages defined by a leaching protocol and a
stressor scenario. Figures 2.1 and 2.2 summarizes the stressor scenarios for the continuous and
intermittent leaching protocols. For each test, the solidified samples were subjected to micro-
CT scan at the beginning and at the end of the stressor scenarios, a TGA analysis, a
phenolphthalein test and a compressive strength test. The following sections define the main

characteristics of the injection protocols and the stressor scenarios.

2.1.1 Leaching protocols

Two leaching protocols were used. In the continuous water injection protocol (Figure 2.1),
deionized water was renewed and continuously injected into the S/S sample under a constant
hydraulic head difference for three days during the flow-through leaching test (FTL). The FTL
was accompanied by permeability tests and different combinations of carbonation (C) and
loading (L) stages. In the intermittent water injection protocol (Figure 2.2), deionized water
was renewed and injected into the S/S sample daily during four hours for ten days. Daily

permeability tests were also carried out during this ten-day period. Both protocols involved
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similar total leachate volumes, but the intermittent water injections allowed more time for

equilibrium to be reached between the aqueous and solid phases.
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Figure 2.2 Stressor scenarios for the intermittent water injection protocol
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2.1.2 Stressor scenarios

Figures 2.1 and 2.2 show that each injection protocol consists of five stressor scenarios: no
carbonation/no loading (NC/NL), carbonation only (C), mechanical loading only (L),
carbonation followed by mechanical loading (C/L), and mechanical loading followed by

carbonation (L/C).

The NC/NL scenario acts as a reference scenario. During this scenario, the solidified sand
sample did not undergo accelerated carbonation or external loading. After the saturation stage,

the sample was only subjected to permeability and FTL tests.

For scenario C, the sample was subjected to the hydraulic conductivity/flow-through leaching
tests after a 24-hour saturation period. Then, carbon dioxide was injected into the sample for
72 hours. After the carbonation stage, permeability and FTL tests were carried out based on

the appropriate leaching protocol in section 2.1.1.

Scenario L was similar to scenario C, but the carbonation stage was replaced with a loading
stage. During this stage, an axial load was applied and removed gradually over 14 hours to

cause an axial strain of approximately 1.96 %.

With the C/L scenario, the first hydraulic conductivity and flow-through leaching tests were
completed within 24 hours. Next, the sample was subjected to a carbon dioxide injection for
72 hours, followed by a water injection. After 24 hours of permeability and FTL tests, an axial
strain of approximately 1.96 % was applied. The sample was loaded and unloaded over a period
of 14 hours, in accordance with the procedure outlined in Section 2.2.2.2. The loading was
followed by permeability and FTL tests. The L/C scenario was similar but the order of the

loading and carbonation scenarios was reversed.
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2.2

2.2.1

The primary purpose of a triaxial cell is to measure the mechanical and hydrodynamic
properties of soils, such as the shear strength and hydraulic conductivity. In this project, a

triaxial cell was modified to allow the carbonation and leaching of solidified sand.

Figure 2.3 shows a cylindrical sample placed inside the modified triaxial cell. All parts of the
triaxial cell in contact with water were made of stainless steel to avoid copper leaching from
brass components. The cylindrical samples were inserted between two porous stones (discs)
and two circular filter papers. The sample was enclosed in a latex membrane with a thickness
of 0.3 mm (Figure 2.4). The membrane prevents the hydraulic fluid from penetrating the S/S
sample. Four O-rings were used to hold the membrane in place. The porous stone allowed an

equal pressure distribution on the sample section. The saturation step began after the cell was

Experimental Setup and Devices

The modified triaxial cell

installed and all connections were made.
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Figure 2.3 Cross-section of the modified triaxial cell
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The objective of the saturation stage was to fill the sample voids with water. The water was
de-aired before being used in the test. To facilitate saturation, water was injected into the top
and base caps of the sample at the same time. A confining pressure of 50 kPa was applied at
the beginning of the saturation stage. The Skempton B coefficient was used to verify saturation.
This coefficient represents the ratio between the difference in pore pressure and the difference
in cell pressure. Cell pressure increments of 50 kPa were applied successively to determine the
B coefficient. The sample was considered saturated when B > 0.95 or when the B value was
constant for successive pressure increments. Maximum B values between 0.85 and 0.95 were
obtained. It is common to observe maximum B values lower than 0.95 for rigid materials such

as solidified sand.

\,_/
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Figure 2.4 Equipment required for the test sample

It should also be mentioned that it is essential to maintain a cell pressure greater than the pore
pressure (i.e., the backpressure). When the pore pressure exceeds the cell pressure, swelling of
the sample will occur as the water flow is always from the high hydraulic head to the low
hydraulic head. Two pressure transducers were used to monitor the pressure. Most tests were

conducted with a cell pressure of 750 kPa and a backpressure of 700 kPa.
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2.2.2 Test system for stressor scenarios
2.2.2.1 Accelerated carbonation

Figure 2.5 shows the accelerated carbonation system. The main components of the system are
the compressed gas cylinder that provides CO2 and the leachate collection reservoir. Two
pressure transducers are used to monitor the gas pressure at the inlet and the leachate pressure

at the outlet. An electric solenoid valve was used to control the gas injection.

Gas manometer Triaxial cell
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Water @\I
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Electric Solenoid
Valve

S/S8 sample

Gas injection at 710 kPa

100 % CO:

CO: cylinder
Leaching reservoir

Water draining at 650 kPa © =

Figure 2.5 The system of CO: injection into the sample

The modified triaxial cell injected 100 % dry COz gas into the sample. As mentioned in section
1.5, the extent of carbonation and CaCOs3 precipitation in the S/S sample is influenced by the
COz pressure. The precipitation of CaCOs closes the pores before completion of carbonation
at low gas pressure. Also, a low gas pressure decreases the carbonation rate and decreases the
CO: diffusion during the injection (Bertos et al., 2004). During the carbonation stage, a
pressure of 710 kPa was maintained in the injection pipe connected to the top of the sample. A
pressure of 650 kPa was maintained in the water drainage pipe connected to the bottom of the
sample. The confining stress was kept constant at 750 kPa. The total length of the carbonation

stage was 72 hours.
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The COz2 gas injection during the carbonation stage was cyclic. Every 30 minutes, CO2 was
injected for 30 seconds by opening the electric solenoid valve and by applying a CO: pressure
of 710 kPa. The total injection time in the S/S sample over the 72-hour carbonation stage was
1.2 hours. According to Phung et al. (2015), cyclic injection increases the degree of
carbonation by flushing the excess water during the gas injection phase. When a large amount
of water remains in the pores, it prevents CO2 from penetrating the S/S sample as mentioned

in Section 1.5.

2.2.2.2 Mechanical Loading

The objective of the loading stage was to create microcracks in the sample. Microcracks were
created by applying a load on the sample in the triaxial cell. The displacement was controlled
during the loading stage. A displacement of 2 mm was applied with a displacement rate of
0.02 mm per minute. The target displacement corresponds to an axial strain of 1.96 %. The
displacement of 2 mm was kept constant for 5 hours and 20 minutes. The sample was then
unloaded until the displacement measurement returned to its initial value with a displacement
rate of 0.02 mm per minute. The displacement was again kept constant for 5 hours and 20
minutes before the next test stage. Drained conditions were maintained throughout the loading
and unloading. The total duration of the loading stage was 14 hours. After the loading stage,

water permeability and FTL tests were conducted.

The two main parts of the loading system are the loading frame and loading control. The
loading frame was designed to provide up to 50 kN of axial force. An axial displacement
transducer (LVDT) attached to the top of the sample was used to measure the deformation.

The displacement rate was controlled by a computer using the software PuTTY.

2.2.2.3 Flow-through leaching test (FTL)

The main objective of this step is to force the deionized water to flow through the solidified
sample based on the method presented by Butcher, Cheeseman, Sollars, & Perry, (1996).

Figure 2.6 shows a schematic diagram of the flow-through leaching test of the solidified
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sample. After the test sample was placed in the triaxial cell, the equipment (cell and water
tubes) was filled with deaerated /deionized water. The sample was then saturated for 28 hours
(ASTM International D5084, 2016). The hydraulic conductivity test was analysed based on
Darcy’s Law using test method C in the standard. The cell pressure and backpressure were

respectively set to 750 kPa and 700 kPa. This corresponds to an effective stress of 50 kPa.

Triaxial Cell 750 kPa

Manometer = Manometer
»
® = - ' ) ®

Solidified Sample

Leachate

Injection Reservoir 700 kPa
Collection Reservoir 650 kPa

Collection Beaker

Figure 2.6 Schematic diagram of flow-through leaching test

In this series of leaching tests, the water continued to flow one way for three consecutive days
based on protocol 2.1.1. Every 30 minutes, approximately 30 mL of leachate was expelled into
the collection tube during the day (Figure 2.7a). At night, a separate reservoir was used to
collect the leachate (Figure 2.7b). The average total DI water injected into the cylindrical
sample was approximately 2000 cm® for each FTL. It is noteworthy that subsequent to the
loading test, the valve opening, which regulates the rate of leaching exit, was reduced in order
to maintain the identical volume of DI water that was injected into the samples in the other
scenarios. Copper and calcium leaching was measured, and temperature and electrical
conductivity tests under five experimental condition scenarios (control, C, L, C/L, and L/C).
In these test scenarios, approximately 188 samples of leachate were collected. The collected

leachate samples were filtered using 0.45 pm polypropylene membrane syringe filters (Figure
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2.7c.). The sample pH, electrical conductivity (EC), and temperature (T) were measured after
filtration (Figure 2.7d). The leachate sample pH was then lowered to less than two by adding
concentrated nitric acid to keep the metals dissolved. Finally, the collected leachate samples

were preserved in the refrigerator at 4 °C for ICP-OES analysis.
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Figure 2.7 Accelerated leaching test: a) collection reservoir during the night,
b) collection tube during the day, c) membrane syringe filters,
and d) the initial set of leachate tests

2.3 Materials

Solidified sand samples were produced by mixing Portland cement (GU), tap water, and silica

sand and fine gravel.

2.3.1 Silica Sand

Silica sand comprises over 99% silicon dioxide (SiO2) and traces of other minerals, most
commonly in the oxide form. The solidified sand samples for this testing program were

prepared using silica sand from supplier Atlantic Silica Inc (Poodiac, NB, Canada). The sand
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was prepared by mixing a series of products corresponding to different particle sizes (#00, #0,
#1, #2, #3, and #1/4 sand, Figure 2.8). In order to obtain representative samples of these
products, a mechanical splitter was used to separate the material. The silica sand mixtures were

stored in plastic bags to prevent an increase in moisture content in the sand.

Figure 2.8 Silica sand from Atlantic Silica Inc

The sand grains have a sub-angular shape. The chemical composition of the silica sand and its
particle size distribution (PSD) are given in Table 2.1 and in figure 2.9, respectively. The PSD
was obtained through sieving following ASTM standard C136 (ASTM International, 2019). It
presents the cumulative particle size distribution in terms of particle mass. Other size
characteristics of the silica sand are given in Table 2.2. The coefficient of uniformity (Cx) and
coefficient of curvature (Cc) values imply that the sand is well-graded (SW with 1 <, <3 and
Cu > 6) based on ASTM standard D2487 (ASTM International, 2017).



Table 2.1 Chemical composition of silica sand
(Atlantic Silica Inc)

Element Compound Weight %
S1O2 99.6
ALO3 0.2
Fe203 0.06
TIO2 0.02
CaO <0.01
MgO <0.01
K20 <0.01
Na20 <0.01
LOI <0.1
Acid Demand <1
Specific Gravity 2.64

Table 2.2 Geometric characteristics of silica sand

Dso D30 D19 | Cu | Cc | Classification

(mm) | (mm) | (mm)

1.94 | 0.85 031 |63 |12 SW

69
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Figure 2.9 Grain size distribution of the tested silica sand

2.3.2 Cement (GU)

General use (GU) Portland cement was used as the binder. According to ASTM standard
C1157 (ASTM International, 2008), the chemical composition and physical properties of
Portland cement (GU) type 10 are given in Tables 2.3 and 2.4, respectively.

Table 2.3 Chemical composition of Portland cement (GU)

Chemical Composition Weight %
Si02 20
Al203 4.9
Fes303 2.2
CaO 63.2
MgO 1.9
Na20 0.86
Loss on ignition at 1000°C (LOI) 6.5
Total 99.56




71

2.3.3 Contaminant

The contaminant employed in this study was copper (II) oxide (CuO), with a concentration of

3000 mg/kg of copper oxide added to each mixture, as outlined in section 2.3.4.

Table 2.4 Physical properties of Portland cement (GU)

Physical Properties
Initial 130 min
Setting time Final 235 min
At three days 29.8 MPa
Compressive strength | At seven days 32.3 MPa
At 28 days 41.5 MPa

234 Preparation of solidified/stabilized samples

In this study, Portland cement GU was used as a cementing material. Horpibulsuk, Katkan,
Sirilerdwattana, et Rachan (2006) observed that the unconfined compressive strength increases
rapidly in soil stabilized with 7 % OPC. Therefore, in this experiment, 7.5 % Portland cement
was used. The physical properties of the matrix, such as pore structure, are mainly related to
the water/cement ratio (W/C). Generally, by increasing the W/C ratio, the linked pores and
voids are also increased. A W/C ratio of 2 was used to maximize the capillary porosity. The
corresponding ratio of water to solids (W/S) is 0.13. Cylindrical solidified sand samples were
produced by mixing General Use Portland cement (139.68 g), silica sand (1862.4 g), copper
oxide (6.8441 g), and tap water (279.36 g). The samples were mixed based on ASTM standard
C192 (ASTM International 2019). To obtain a homogeneous solidified matrix, dry cement and
dry silica sand were mixed using an electric mixer for five minutes at 140 revolutions/minute.
We first added tap water to the copper oxide to ensure the uniform distribution of the

contaminants in the matrix. It was then gradually added to the mix in the mixer. Then, all the
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components were mixed for five minutes at 140 RPM. Finally, the components were manually
mixed with a trowel for a further ten minutes. Figure 2.10 shows the stages of the solidified

sample preparation.

Figure 2.10 Stages of solidified sample preparation:
a) copper oxide and tap water mixed,
b) electric mixer, ¢) manual mixing,
d) samples in a plastic bag in a humidity room

According to ASTM C192 (ASTM 2019), the samples with a 50 mm diameter and a 100 mm
length were cast in a cylindrical mould and set in three layers. Oil was spread over the internal
surface of the mould to reduce friction between the sample and mould during the demolding
process. To prevent bubbles in the layers, the first two layers were tamped eight times with a
hammer similar to the proctor hammer, while the last layer was tamped nine times. Figure 2.11

shows the compacting tools used to prepare samples.

The top surface of each layer was scarified after compaction to obtain good adhesion for the
next layer. After 24 hours, the samples were placed in the humidity room at a relative humidity
of 96 %. All the samples were demolded after seven days. To reduce the reaction with
atmospheric COz2, all S/S samples were kept in a sealed plastic bag and stored in a humidity
room to cure for 28 days. Following the completion of the curing process, the samples were

mounted in the triaxial cell to initiate the experiments.
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Figure 2.11 Compacting tools used to prepare S/S samples

24 Experimental Characterization Tests

24.1 Mechanical and hydraulic characterization
2.4.1.1 Unconfined compressive strength (UCS)

The unconfined compressive strength (UCS) was determined for all cylindrical samples. The
UCS was carried out after 28 days of curing and at the end of the test protocol. The UCS was
conducted according to ASTM standard C39M (ASTM International 2021). The results were
compared between samples with different exposure scenarios. The maximum compressive
stress was evaluated with cylindrical samples with a length of 100 mm and a diameter of
50 mm (Figure 2.13). A 1000-kN loading frame was used to apply the axial force with a
loading rate of 0.5 kN/s. A sulphur-based compound was used to prepare the cylinder cap as
recommended in the ASTM C617M procedure (Gerges, Issa, & Fawaz, 2015). Two caps (at
the top and bottom of the sample) were used to distribute the loading during the compression
test. Also, these caps were used to overcome the material's fragility and avoid any gaps between

the sample and the press device.
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2.4.1.2 Hydraulic conductivity test

The hydraulic conductivity test was carried out with the modified triaxial cells available at the
soil mechanics laboratory of ETS. The tests were conducted according to ASTM standard
D5084 (ASTM 2016), following method C, which applies variable upstream and downstream
water levels. Figure 2.13 shows the control panel, the membrane (thickness of 0.3 mm) around

the sample and a sample placed in the triaxial cell.

Figure 2.13 Equipment of triaxial cell: a) control panel, b) sample placed
on the base of the cell, ¢) the sample under the test,
and d) the hydraulic conductivity panel (burettes)
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The interpretation of water flow through the sample was made according to Darcy's law. The
hydraulic conductivity test begins after the sample is entirely saturated. Then, the water levels
in the burettes of the permeability panel were adjusted to obtain an initial hydraulic gradient
equal to 20. Afterward, the valves of the triaxial cell are open, and a stopwatch is started. Water
level readings are taken on the two burettes until the water level stabilizes. The hydraulic

conductivity was calculated as follows:

K = QAin Aoyt L lnE (2-1)
(ain + aout)A(tZ - tl) hl

where K is the hydraulic conductivity (m/s), a;, and a,,; are the sections of the upstream and
downstream burettes; A is the section of the test sample (nD*4, where D is the sample
diameter); L is the length of the test sample; h; and h, are the head differences between
upstream and downstream at time t; and t,, respectively. To facilitate the test calculation,
equation (2.1) can be converted into a linear relationship between ¢ and In(h). The hydraulic

conductivity is then determined from the slope (M) of this linear relationship.

— Main Aout L (2-2)
(ain + aout)A

It is important to note that a sample hydraulic conductivity depends on its pore characteristics

(e.g., shape, connected/not connected, orientation, and pore volume).

2.4.2 Chemical analysis of pore solution

The concentrations of copper, calcium, aluminium, and silicon in the leachate samples were
obtained using inductively coupled plasma-optical emission spectrometry (Agilent 5100 ICP-
OES). Each sample was acidified ate pH 2 with concentrated nitric acid. After that, the sample

was injected into the plasma as a fine aerosol by a pneumatic device (nebulizer). The
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concentrations of major and trace elements in leachate samples were obtained following the
ISO 11885 standard (ISO, 2007). In order to obtain good results, the ICP was calibrated using
standard solutions. Calibration was verified by running check standards and blanks at the
beginning and the end of each analysis session, as well as after every ten samples in an analysis

run.

The pH, temperature, and electrical conductivity (EC) of the leachate water were measured
right after it came into contact with the solid matrix (U.S. EPA, 2019). A tabletop pH meter

(Oakton, 510 series) was used for these measurements.

243 Techniques for carbonation detection
2.4.3.1 Colour Indicator (Phenolphthalein)

The colour indicator allows visualizing the transition zone between carbonated and non-
carbonated areas. Several colour indicators exist, such as cresol red, thymolphthalein, and Nile
blue. However, the most commonly used colour indicator is Phenolphthalein spray. This
indicator makes it possible to visually identifies the presence of carbon dioxide in the cement-
soil mixture (Poursaee, 2016). At high pH (above 9), the phenolphthalein becomes an intense
purple colour; at a low pH (below 9), phenolphthalein is colourless (Morandeau et al., 2014).
Figure 2.14 presents an example of phenolphthalein on concrete with and without carbonation.
The phenolphthalein test is a qualitative indicator of the presence of carbonation below the pH

of 9, but it does not provide a quantitative measure of carbonation depth inside the sample.

2.43.2 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a technique used to measure the kinetics of
decompositions of solids and is carried out using thermobalance. The TGA continuously
records the mass variations of a sample subjected to ramped temperature, going from 30 °C

(maximum ambient temperature) to 1150 °C. Thus, we quantify species that lose water vapour
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for different temperature ranges (C-S-H, CH) and calcium carbonates that decarbonate and

lose their CO:z gaseous for higher temperatures.

0 2 4 6 B 10 12 14
pH values

Figure 2.14 Example of phenolphthalein on concrete

In the present study, a PerkinElmer SII TGA device was used to determine the degree of CO2
penetration. The instrument has an accuracy of + 2°C for measuring the temperature and < 5
ug for measuring weight. The dried sample was ground by a ring roll mill to carry out this test
and distributed into four homogeneous powder samples. The TGA was started by placing the
empty platinum crucible in the device and resetting the mass of the crucible to zero. Then,
approximately 5 g of powder from each sample were taken and placed in the platinum crucible.
The initial mass (Mi) was recorded. Next, the powder sample was subjected to an inert gas
(argon) at 100.0 mL/min and held for 2 minutes at 50 °C. The temperature was increased at a
rate of 10 °C/min over a temperature range of 50 °C to 1000 °C. In the last 10 minutes, the
sample was subjected to air at 1000 °C. During the operation, the resulting mass loss was

recorded continuously as a function of temperature.

The easiest way to identify the decomposition of minerals is to derive and smooth the TGA

curve from the original data to obtain the DTG curve. The DTG curve shows peaks
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corresponding to the decomposition of specific phases. The percent masses of CO2 and CaCOs3
were determined based on equations 2.3 and 2.4, respectively (Barnard et al., 2005). In other
words, the percent masses of CO2 and CaCO3; were assessed based on the degradation
temperature ranging from relatively low (450 °C) to high (900 °C).

Mys0 — Moo (2.3)

% MassCO, = ( ) X 100

i

100 2.4)
% MassCaC0O; = % Mass CO, X (H)

where Mi = initial mass; Mys0 = mass loss at 450 °C; and M9po = mass loss at 900 °C. According
to Barnard et al. (2005), this test method is very accurate. The proportion of CaCO3 determined
from TGA corresponds to between 94-96% of the real CaCOs3 concentration. Generally, several
transformations occur in the temperature range between 100°C and 1000°C (Ma, Pan, Cali,
Zhang, & Han, 2021). Table 2.5 shows the decomposition of cementitious materials obtained

from thermogravimetry curves.

Table 2.5 Decomposition of hydration products
Taken from Collier (2016, p. 340)

Phase Temperature
Decomposition of CSH 100 - 450°C
Decomposition of Ca(OH)2 450 - 520°C
Decomposition of CaCOs3 600 - 800°C

244 Observation by X-ray CT

Computed tomography (CT) was used for the observation of S/S samples. In this experiment,
XT H225 X-ray puCT system (Nikon, MI, USA) was used to characterize the porosity, as
presented in Figure 2.15. Categorization of the fractures and internal pores is based on 2D/3D

images and statistical data collected from the sample. These images allow the internal pore
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structure of the scanned sample to be viewed. The primary procedures for fracture detection in

image processing are shown in Figure 2.16.

ﬁ
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Figure 2.15 S/S sample placed on CT system at Ecole de technologie supérieure
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- . g Segmentation - Statistical Analysis
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Figure 2.16 Stages of image observation and pores detection

2.44.1 Image configuration and acquisition

The first stage requires the acquisition of X-ray images. The samples were scanned using a
transmission scan (micro-focus source with 3 um focal spot size) configured with a beam
energy of 190 kV voltage and beam current of 85 pA with a digital detector. The sample
location inside the micro-CT machine allowed a minimum voxel size of 65 um. For each
experiment, the field of view of the scan is obtained with detector pixel (X=1677, Y= 2000)
and projections (2634).
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To reduce beam hardening, a copper filter with a thickness of 0.25 mm was placed over the X-
ray source. The filter thickness was chosen based on the attenuation needed to allow full X-
ray penetration. The exposure time was set to 2 ms. There are essential rules to follow during
the acquisition stage. For example, the object should be fully in the field of view (image
window) during 360° rotation. In some cases, there is an issue related to the center of rotation
when the sample is not on the center axis, and it is impossible to get a clear image. This error
can be compensated by using the reconstruction algorithm to extract a clear image with manual
or automatic calculations. Filtration, and calibration are used to overcome some artifacts that
occur during scanning (e.g., beam hardening, image noise, and ring artifacts). If beam
hardening arises, the CT Pro (Nikon, MI, USA) algorithm can correct it automatically or

manually.

The second stage requires image reconstruction (volume reconstruction). Volume
reconstruction was done using the CT Pro 3D software and the raw X-ray images. The
fundamental principle behind image reconstruction is transforming the 2D X-ray images
acquired by a computed tomography (CT) scanner into a 3D image. The CT Pro 3D software
uses algorithms to align the images (2D slices) and combine them on top of each other to
generate a 3D model of the object scanned. Once the 3D images have been acquired, the
operator can rotate the object (3D model) and examine the interior structure of the object from

different angles.

2.4.4.2 Image processing

The third stage requires image processing. In this step, Dragonfly software, version 4.1 (Object
Research Systems, Montreal, Canada) was used to process the image (Gtowacki, Bouin, Ethier,
Dubé¢, & Duhaime, 2018). Additionally, the 2D reconstructed images were enhanced using the
Dragonfly software to show the contrast between voids and solids. The CLAHE filter (Contrast
Limited Adaptive Histogram Equalization) was used in this study to adjust the contrast in
images before image segmentation was undertaken, as shown in Figure 2.17 (B). Certain filters
have a tendency to overamplify noise in very homogenous regions, but the CLAHE filter

avoids this issue by limiting amplification. It should be emphasized that the Dragonfly tool



81

simply improves the visual appearance of the image and does not modify the original data in

any way.

After image processing, the segmentation procedure is the first step applied to the
reconstructed images to define the voids network and distribution of pores. The segmentation
is a crucial step because it depends on the clarity of images and the skill and accuracy of the
experimenter. The fundamental principle behind image segmentation using the Dragonfly
software is to show the contrast between dark objects, i.e., voids, and grey objects, i.e., solids.
However, the contrast between the objects is relatively poor, so post-processing (image filters)
is essential to estimate the contrast and isolate between the objects (pores and solids). The
segmentation process was based on the grey-level histogram, where the operator can select an
adequate threshold value to isolate between two objects, such as dark and grey. This step can
change the results by increasing or decreasing the estimated void space percentage. For
example, if the contrast value between light and dark areas of the image is not well adjusted,
it will cause a misestimation of the void percentage. We used two different thresholds in the
grey value diagram to overcome this issue: low and high levels (Otsu, 1979; Talab et al., 2016).
Furthermore, the threshold values were chosen specifically for each scanned sample. The total
voids were calculated based on image segmentation. The last step was based on the grey-level
histogram. In order to identify the percentage of voids and their relevant statistics, the main

sequence is depicted in Figure 2.17. It involves the following steps:

1. In order to obtain the optimum threshold, image filters offered by Dragonfly software were
used to improve image quality and enhance the contrast between the objects (pores and

solids), as shown in Figures 2.17 (A and B).

2. Threshold grey values were selected from the histogram to distinguish the pores and the
solid phases. The threshold value was chosen by analyzing visually the segmented regions
and by judging if the segmentation is appropriate. As the threshold choice is slightly
subjective, two threshold values were used (maximum and minimum thresholds) to get an

appreciation of the method accuracy.
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Figure 2.17 2D images processing and segmentation: A) original image;
B) image filtering; C) Material with pores;
D) pores filled; E) pores obtained

The defined threshold was used to create a new image (representing material with pores),

as shown in Figure 2.17 C.

A copy of the same image was made and then used with Dragonfly's fill built-in function

to close all the pores, as shown in Figure 2.17 D.

At this point, step 3 displays an image with material and pores, while step 4 displays a

similar image but without the pores.

To obtain the pores, a logical subtraction operation was applied between the two images

(steps 3-4), as shown in Figure 2.17 F.
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7. Finally, several relevant statistical calculations (e.g., the aspect ratio, pore size, and pore

percentage) were rendered with Dragonfly software.






CHAPTER 3

EXPERIMENTAL RESULTS

The objective of this chapter is to present the experimental results for the five scenarios that
were introduced in the previous chapter. Each scenario included hydraulic conductivity and
compressive strength measurements. Flow-through leaching tests were utilized to evaluate the
leaching of copper and other elements. The electrical conductivity and the pH of the leachate
were also measured. The effects of carbonation and loading on porosity was also evaluated

using an X-ray CT scan.

3.1 Hydraulic conductivity

Figure 3.1 presents the hydraulic conductivity values for the five scenarios of the intermittent
injection protocol. With this protocol, water was injected into the sample for 4.2 hours every
day for the permeability and leaching tests. The initial hydraulic conductivity for all scenarios
varied between 2.1 x 107 m/s and 7.8 x 107 m/s. Each loading stage (scenarios L, C/L and
L/C) was followed by an increase in hydraulic conductivity varying between 156 and 519 %.
Carbonation stages (scenarios C, C/L and L/C) were followed by a decrease in hydraulic
conductivity varying between 19 and 67 %. A slow decrease in hydraulic conductivity was
observed after the loading and carbonation stages varying between 9 and 19 % with respect to
the first permeability test after the carbonation and loading stages. The slow decrease in
hydraulic conductivity was more significant for the scenarios involving both loading and

carbonation stages (35 and 62 % for scenarios L/C and C/L, respectively).
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Figure 3.1 Hydraulic conductivity for the intermittent water injection protocol

Figure 3.2 shows the hydraulic conductivity values for the continuous water injection protocol.
With this protocol, the deaerated and deionized water was injected continuously into the
cylindrical sample for three days. The initial value of hydraulic conductivity varied between
7.3 x 10 m/s and 9.6 x 10°® m/s. These hydraulic conductivity values are lower than the values
that were obtained for the intermittent injection protocol. The hydraulic conductivity changes
that were observed following the loading and carbonation stages were of the same order of

magnitude as for the intermittent water injection protocol.
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Figure 3.2 Hydraulic conductivity values for the continuous water injection protocol

3.2

Compressive strength

The unconfined compressive strength (UCS) of the S/S samples was evaluated at two different

time points for each scenario. The first test was performed after 28 days of curing, before the

sample was installed in the triaxial cell. The second test was conducted at the end of the

experimental period on separate samples.

Table 3.1 shows the USC for the five scenarios concerning the effects of leaching, carbonation

and loading. The initial compressive strength was calculated as the average of the five samples

that were tested after 28 days (one for each test scenario). A reduction in compressive strength

between 21 and 56 % was observed after each scenario. The decrease was more pronounced

for the two scenarios combining loading and carbonation stages (C/L and L/C).
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Tableau 3.1 Results of unconfined compressive strength test

Test Scenario Compressive Strength | % Reduction in UCS
(UCS) (MPa)
Initial Final
No Carbonation /No Loading (NC/NL) 2.20 20.6
Carbonation Only (C) 1.98 28.5
Loading Only (L) 2.77 1.78 35.7
Carbonation/ Loading (C/L) 1.23 55.6
Loading/Carbonation (L/C) 1.45 47.7
33 Evaluation of chemical properties

This section presents the results for the flow-through leaching test of the S/S matrices. For the
five test scenarios, approximately 188 samples of leachate were collected. Results are

presented for pH, electrical conductivity, copper, aluminium, and silicon.

331  pH

The pH was determined every day for 10 days with the intermittent water injection protocol.
As expected for a cementitious material, the initial pH was high. For the five scenarios, the
initial pH ranged between 13.1 and 13.7. Each carbonation stage was followed by a sharp drop
in pH (scenarios C, C/L, and L/C). The pH after carbonation varied between 6.4 and 6.7. This
range is of the same order as the pH of the deionized water that was used as a leachant (pH
between 6 and 7). In contrast, the pH was relatively stable for the control sample and the

scenario involving only loading (scenarios NC/NL and L), with values between 12.2 and 13.7.

With the continuous water injection protocol, the initial pH ranged between 13.1 and 13.4. As
expected, the scenarios involving carbonation (C, C/L, and L/C) resulted in a decrease in pH.
The pH after carbonation ranged between 6.0 and 6.9. During the control and loading stages,

the pH was relatively stable for scenarios NC/NL and L, with values between 13.0 and 13.2
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units. This is expected because the control and loading stages do not involve chemical reactions

that would impact the pH of the solution.

3.3.2 Electrical conductivity

The electrical conductivity (EC) values of the leachate are given in Figures 3.2 and 3.3. The
initial EC values recorded at the beginning of the leaching test fall between 10.9 and
11.3 mS/cm. Figure 3.2 shows that during the first day of the leaching test, the EC gradually
decreased below 10 mS/cm. This pattern was also observed in scenarios C, C/L, and L/C, as

shown in Figures 3.3 and 3.4.
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Figure 3.2 Variation of electrical conductivity values (scenarios NC/NL and L)

As water flowed through the sample, the EC values for the NC/NL scenario were relatively
stable between 9.4 and 9.7 mS/cm. The L scenario led to a slightly more pronounced decrease

in EC at 7.6 mS/cm.
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The carbonation stages were all followed by a significant decline in EC as shown in Figures
3.3 and 3.4. For example, EC was reduced by 89.7 %, 92.5 %, and 89.5 % for scenarios C,
C/L, and L/C, respectively.

3.33 Aluminium leaching

Figure 3.5 shows the variation of aluminum (Al) concentration as a function of cumulative
leaching time. A high release of aluminium was recorded for all scenarios at the beginning of
the leaching test. The initial Al concentrations varied between 2.8 and 3.5 mg/L. After a few
hours, the Al concentrations decreased by approximately 60 % for each scenario. Figure 3.5
illustrates that the release of aluminum from the control sample (scenario NC/NL) remained

relatively stable, ranging between 1.07 mg/L and 0.7 mg/L after the first few hours of leaching.
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Figure 3.5 Variation of Al values (scenarios NC/NL and L)

As shown in Figures 3.6 and 3.7, there was a immediate reduction in the release of aluminum

after carbonation for scenarios C and C/L. The Al concentration for scenarios C and C/L,
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decreased by 69 % and 47 %, respectively. This decrease occurred immediately after the
carbonation stage. After the immediate decrease, the Al concentration remained approximately
constant for scenarios C and C/L. For scenario L/C, the loading stage that preceded the
carbonation stage produced a more significant decrease in Al. Carbonation was not followed

by a significant decrease in Al
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Figure 3.6 Variation of Al values (scenario C)

The influence of loading on Al concentration is less clear. The loading stage for the L scenario
was associated with a rapid increase in Al and a slower decrease (Figure 3.5). The loading
stages for scenarios C/L and L/C were respectively followed by gradual decrease and increase

in Al, respectively (Figures 3.7).
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Silicon leaching
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Figures 3.8 and 3.9 present the Si concentration in the leachate for the five test scenarios. The

initial Si concentrations for all scenarios ranged from 0.76 to 1 mg/L.

The NC/NL and L scenarios resulted in a gradual reduction in Si concentration. The NC/NL

scenario led to a 34.8% decrease in Si concentration from the initial testing phase to the final

leachate sample. Similarly, the L scenario yielded a 39% decrease in Si concentration prior to

the mechanical loading and at the end of the leaching test.
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Figure 3.8 Variation of Si concentrations (scenarios NC/NL and L)

Figure 3.9 illustrates that the carbonation for scenarios C, C/L, and L/C was associated with a
sudden increase in Si. In scenarios C, C/L, and L/C, the Si concentration increased from 0.63
to 23.6 mg/L, from 0.45 to 38.2 mg/L, and from 0.37 to 25.8 mg/L, respectively. In contrast,
during the loading stage, there is a tendency for a decrease in the release of silicon, with levels
dropping from 21.77 mg/L to 0.13 mg/L for scenario C/L and from 0.87 mg/L to 0.37 mg/L
for scenarios L/C, between the beginning and the end of the loading stages. The variation in
silicon concentrations exhibited oscillations after the loading stage in scenario L/C. The Si
concentration decline was more pronounced but delayed when carbonation preceded loading
in scenario C/L. This delay may be attributed to the extended effect of carbonation, which
occurs over a longer period. In particular, the effect of carbonation persisted throughout the
carbonation period and approximately half of the loading period in the C/L scenario, where

carbonation occurred prior to loading.
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Figure 3.9 Variation of Si concentrations (scenarios C, C/L, and L/C)

Calcium leaching

The concentration of Ca in the leachate during the NC/NL, C, and L scenarios is illustrated in

Figure 3.10. The initial Ca concentration released during these scenarios varied between

734 mg/L and 781 mg/L. As water flowed through the sample, the release of Ca remained

fairly constant prior to carbonation or loading for all scenarios, with concentrations ranging

from 700 to 843 mg/L. In Figure 3.10, it can be observed that the carbonation stage caused a

peak release of Ca, which reached 1303 mg/L. Following the carbonation stage, there was a

gradual reduction in the release of Ca, and by the end of the experiment, it had decreased to

75% of its peak value. The loading stage for scenario L did not cause a significant reduction

in the release of Ca compared to the NC/NL scenario.
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Figure 3.10 Variation of Ca concentrations (scenarios NC/NL, C and L)

Figure 3.11 presents the release of Ca for scenarios C/L and L/C. The release of Ca was initially
similar in both scenarios, with initial concentrations of 741 mg/L and 737 mg/L, respectively.
Carbonation resulted in a 108% increase in Ca release for the C/L scenario and an 82% increase
for the L/C scenario. Figure 3.11 indicates that the release of Ca gradually decreased after this
increase. In combined loading and carbonation stages (C/L and L/C), the release of Ca can be
influenced by the order in which the stages occur. Specifically, in the C/L scenario where the
carbonation stage precedes the loading stage, loading has a more severe impact on Ca release.
Conversely, in the L/C scenario where the loading stage precedes the carbonation stage, the
influence of loading on Ca release is less severe. Furthermore, as deionized water was
continuously injected into the sample, it carried out calcium at decreasing concentrations. At
the end of the experiment, the calcium release in the leachate was recorded at 154 mg/L and

294 mg/L for C/L and L/C scenarios, respectively.



97

10000
After Carbonation
~ //”‘l
d i || C/L
%D A 1 L/C
~— | *
= A
S 1000
‘é A
= 4
5 J n
g II ’f”
g
8 After Loading
100
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
Cumulative leaching time (days)

Figure 3.11 Variation of Ca concentrations (scenarios C/L and L/C)

3.3.6 Leaching behaviour of Copper (Cu)

In Figure 3.12, the leaching of copper is presented as a function of cumulative leaching time
for the NC/NL and L scenarios. Following the injection of water for one hour, the initial release
of Cu peaked at 0.54 and 0.74 mg/L for the NC/NL and L scenarios, respectively. In the NC/NL
scenario, as water continued to be injected into the solidified sample, the concentration of Cu

gradually decreased to 0.04 mg/L by the end of the test.

The release of Cu before and after carbonation is shown in Figure 3.13. Initially, the
concentration of copper decreased from 0.53 mg/L to 0.06 mg/L. Then, immediately after the
carbonation, the release of Cu increased rapidly and peaked at 1.14 mg/L. As the water

continued to be injected into the solidified sample, the release of Cu gradually decreased to

0.3 mg/L.
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Figure 3.12 Variation of copper as a function of cumulative time
for NC/NL and L scenarios

Figure 3.14 shows the influence of carbonation on the Cu concentration for the combined
loading and carbonation scenarios. The initial Cu concentrations in the leachate were
0.68 mg/L and 0.46 mg/L for scenarios C/L and L/C, respectively. As water was injected into
the solidified sample, the release of copper from the sample gradually decreased over time. For
scenarios C/L and L/C, carbonation is always followed by a marked increase in Cu followed
by a gradual decrease, as it was the case in Figure 3.13 for scenario C. All carbonation stages

led to a peak Cu concentration above 1 mg/L.

For scenarios L, C/L, and L/C, loading is always followed by a gradual decrease in the Cu
concentration. The three loading stages led to a Cu concentration of 0.02 mg/L or less after
this gradual decrease. For scenario C/L, the decrease in Cu was preceded by an increase of Cu

concentration to 0.41 mg/L.
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34 Carbonation detection

The extent of carbonation was determined using a phenolphthalein solution and TGA analysis

before and after the leaching test.

34.1 Phenolphthalein test

Phenolphthalein is colourless for a pH below 8.2 and deep pink for a pH above 9.9. The deep
pink colour is observed for the parts of the samples that have not been carbonated. The
phenolphthalein solution is colourless when applied on surfaces that have been carbonated.
The phenolphthalein solution was applied immediately after the leaching test to avoid surface

carbonation.

The samples for the NC/NL and L scenarios did not show significant carbonation at the end of
the leaching tests. For the NC/NL and L scenarios, the samples were split into two parts after
the leaching test. The phenolphthalein solution was sprayed on one part. Figures 3.15 and 3.16
show that the sprayed surfaces were deep pink as a result of the limited extent of carbonation
(pH exceeds 9.9). It is important to note that these two test scenarios only involved natural
carbonation and did not include accelerated carbonation. For the scenarios with carbonation,
(C, C/L, and L/C), after the experiment, the cylindrical sample was split into three discs with
a thickness of 3 cm (Figure 3.17).
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Figure 3.15 S/S sample stained with the
phenolphthalein solution (NC/NL scenario)

Figure 3.16 S/S sample stained with
the phenolphthalein solution (L scenario)
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Figure 3.17 Sample before being cut into
three discs, each with a thickness of 3 cm

At the end of the experiments, carbonation was assessed by spraying phenolphthalein on the
surface of each disc, namely, the top cylinder, the middle cylinder, and the bottom cylinder.
Colour changes were observed with the naked eye. The results of the phenolphthalein tests for
scenarios C, C/L, and L/C are presented in Figures 3.18, 3.19, and 3.20, respectively. These
figures show two different characteristic zones of Phenolphthalein from top to bottom, as

follows:

e The carbonated zone refers to the top part of the sample, which is colorless.
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e The mixed zone, where the middle and bottom parts of the sample appear light pink,

indicates partial carbonation.

The top
cylinder

The middle
cylinder

The bottom
cylinder

Figure 3.18 Solidified sample stained with the phenolphthalein solution

(C scenario)

The top
cylinder

The middle
cylinder

The bottom
cylinder

Figure 3.19 Solidified sample stained with the phenolphthalein solution

(C/L scenario)
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The top The middle The bottom
cylinder cylinder cylinder

Figure 3.20 Solidified sample stained with the phenolphthalein solution
(L/C scenario)

In general, the colourless area that was revealed by Phenolphthalein represents the fully
carbonated zone. Furthermore, it is noteworthy that complete carbonation is not observed in

the middle portion of the sample.

3.4.2 Thermogravimetric analysis (TGA)

Figure 3.21 presents the initial results of the DTG curve, showing three main peaks of mass

loss due to mineral decomposition before the leaching test.

The decomposition peaks for all scenarios were similar. For example, in scenarios NC/NL, C,
C/L, and L/C, the first peak was observed between 30°C and 200°C, except for the loading
scenario where it occurred later and ranged from 60°C to 200°C. The second peak was recorded
between 400 °C and 500 °C for all scenarios, except for the NC/NL scenario which ranged
from 400 °C to 460 °C. The third prominent peak occurred between 500°C and 700°C, as
shown in the DTG diagram in Figure 3.21. The diagram revealed that the third peak typically

begins with a large shoulder and ends in a steep incline.
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Figure 3.21 DTG curves of all scenarios before any tests (initial stage)

After conducting a series of leaching, loading, and carbonation tests, another
thermogravimetric analysis was performed. In the NC/NL scenario, the DTG curve exhibited
slight deviations in the decomposition peaks compared to those observed before testing.
Particularly, the third peak showed a notable change in its shape, beginning with a prominent

shoulder prior to testing and a less prominent one after the testing, as illustrated in Figure 3.22.

Furthermore, the loading scenario manifested comparable numbers of peaks, i.e., three major
peaks, to those observed prior to the leaching test, albeit with different values, as evidenced in
Figure 3.23. Specifically, the first peak was detected within the temperature range of 60°C to
200°C before the leaching test, while it manifested at a lower temperature range of 26°C to
200°C after the leaching test. Additionally, the third peak was observed in the temperature
range of 500°C to 690°C before the leaching test, which shifted to a higher temperature range
of 590°C to 700°C after the leaching test.
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Figure 3.23 DTG curves for the loading (L) scenario before and after the leaching test
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The results of the DTG curve following the leaching/carbonation test are presented in Figure
3.24. During the carbonation stages (scenarios C, C/L, and L/C), there was a reduction in the
number of decomposition peaks observed. Furthermore, the decomposition peaks for all
scenarios after carbonation exhibited a similar pattern. As illustrated in Figure 3.24, the DTG
curve showed a single, prominent peak of mass loss occurring over a temperature range of
580°C to 740°C. This peak in mass loss is attributed to the decomposition of calcite (as CO2 is

released during the decarbonization of calcite).

The degree of carbonation was measured based on equations 2-3 and 2-4 (Barnard et al., 2005),
as presented in section 2.4.3.2. The percent values of CO2 and CaCOs3 before the leaching test

were calculated as the average values of all test scenarios.
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Figure 3.24 DTG curves for C, C/L, and L/C scenarios after the leaching test
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The results for CO2 and CaCOs before and after the leaching test for scenarios NC/NL and L
are presented in Table 3.1. The results are similar, with slight changes observed following the
leaching test. For instance, a decrease of 6.3 % and 9.2 % was recorded for the percentage of
carbon dioxide and calcium carbonate, respectively, after the leaching test. In the loading
scenario, on the other hand, an increase of 20.6 % and 13.8 % was observed for the percentage

of COz2 and CaCOs3, respectively.

Table 3.1 Percentage of CO2 and CaCOs before and after leaching test
(NC/NL and L scenarios)

Test scenarios Carbon dioxide (CO») Calcium carbonate
(CaCO0y)
Before After Before After
NC/NL 0.59 % 1.39 %
0.63 % 1.52 %
L 0.76 % 1.73 %

During the carbonation stages (scenarios C, C/L, and L/C), measurements of the percentages
of CO2 % and CaCO3 % were done using two distinct procedures. The first procedure involved
measuring each disc (top, middle, and bottom) individually. In other words, each disc was
ground separately, and 25 g of powder was taken from each and placed in a platinum crucible
for measuring. The second procedure involved taking 8 g of powder from each disc and mixing
them together to represent the entire cylindrical sample. Table 3.2 displays the percentages of

CO2 and CaCO:s for the three parts.

Table 3.2 reveals that the percentages of both CO2 and CaCO3 decrease as they pass through
the top, middle, and bottom of the entire sample. The lowest percentages of CO2 and CaCOs3
were observed in the middle and bottom sections of the sample. In scenarios C, C/L, and L/C,
the percentages of CO2 decreased by 0.77 %, 21 %, and 42 %, respectively. Additionally, the
percentages of CaCOs3 decreased by 0.34 %, 19 %, and 40 % for scenarios C, C/L, and L/C,

respectively, in comparison to the initial percentage.
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Table 3.2 Percentage of CO2 and CaCOs after leaching test (first procedure)

Test Carbon dioxide (CO») Calcium carbonate (CaCQO:3)

scenarios Top disc | Middle disc | Bottom disc | Top disc | Middle disc | Bottom disc

C 1.3% 1.1% 1.3% 29% 25% 29%
C/L 1.4 % 1.3 % 1.1% 3.1% 29 % 2.5%
L/C 1.4 % 1.4 % 0.8 % 3.1% 3.1% 1.9 %

Table 3.3 presents the results of the second procedure (the entire sample) for scenarios C, C/L,
and L/C. The percentages of CO2 and CaCOs increased following accelerated carbonation.

Furthermore, it appears that the loading stage, specifically scenarios C/L and L/C, has a notable
influence on enhancing the carbonation effects when compared to the C scenario, which
involves solely carbonation. The L/C scenario, for example, creates micro-cracks during
loading that facilitate carbonation penetration. Similarly, in the C/L scenario, loading might
induce an increase in the rates of chemical reactions between the dissolved carbonic acid and

uncarbonated materials, thus enhancing the carbonation effect.

Table 3.3 Percentage of CO2 and CaCOs before and after leaching test
(C, C/L and L/C scenarios)

Test scenarios Carbon dioxide (CO») Calcium carbonate (CaCO3)
Before After Before After
C 1.4 % 3.1 %
C/L 0.6 % 1.9 % 1.5 % 4.4 %
L/C 1.5% 34 %

Moreover, Table 3.3 illustrates that the percentage of carbonation significantly increased by

133 %, 216.6 %, and 150 % for scenarios C, C/L, and L/C, respectively. Correspondingly, the
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percentages of CaCO3 augmented by 106.6 %, 193 %, and 126.6 % for scenarios C, C/L, and
L/C, respectively.

3.5 Evolution of the microstructure observed in X-ray tomography

In order to comprehend the impact of the FTL test on the entire solidified matrix, a comparison
was made between changes in matrix microstructure and findings from laboratory experiments,
encompassing chemical and mechanical characteristics. The porous system in all samples
investigated in this study consists of capillary pores (Narayanan & Ramamurthy, 2000), which
are categorized as macropores (Paria & Yuet, 2006; Zdravkov, Cermak, Sefara, & Janka,

2007).

It should be noted that during the preliminary stages of experimental methodology selection,
such as determining the water-to-cement ratio, carbonation and loading techniques, and CT
scan parameters, the matrix porosity varied depending on the exposure scenarios. For instance,
following successive cycles of carbonation and loading, higher porosity was observed after
loading, whereas reduced porosity was recorded after carbonation (Al Tabbaa & Stegemann,
2011; Morandeau et al., 2015). Figure 3.25 illustrates that after multiple successive cycles of
loading and carbonation, interconnected open pores (highlighted in red) were formed,

extending to the external surface and causing fractures at the top of the sample.

Table 3.4 presents the percentage of total pores (i.e., pores or cracks) before and after the
leaching test for all scenarios of the continuous injection protocol. Among the different
scenarios, the NC/NL scenario exhibited a slight increase in porosity of 3% after the leaching

test.
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Table 3.4 Percentage of total pores before and after the leaching tests

Test scenarios Porosity range (%) Average porosity (%)
Before After Before After
NC/NL 19.7 - 26.1 20.2 -27.0 22.9 23.6
L 23.2-27.8 28.4-32.8 25.5 30.6
C 23.9-26.9 19.2-23.5 254 21.4
C/L 19.9-24.9 21.7-25.7 22.4 23.7
L/C 21.2-253 22.9-26.8 23.2 24.9

Figure 3.25 Pores and cracks on the S/S matrix
after multiple cycles of loading and carbonation

It is worth noting that loading seems to increase porosity, with scenario L showing the highest
average porosity after the leaching test in these experiments. In contrast, the carbonation phase
led to a reduction in pores, with scenario C having the lowest average porosity after the

leaching test, showing a decrease in porosity to a value of 21.4 %. When considering the
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combined effects of loading and carbonation in scenarios C/L and L/C, a slight increase in
porosity was observed, with values of 23.7 % and 24.9 %, respectively. Overall, the data in
Table 3.4 highlights the complex interplay between the different scenarios that influence the

porosity of the tested samples.

Figure 3.26 presents the changes in pore size distribution for the NC/NL scenario. After the
leaching test, slight changes in pore size were observed. Specifically, the volume proportion
of small pores below 270 um increased, while the volume proportion of large pores between

318 um and 914 pm decreased.
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Figure 3.26 Pore size distribution before and after the leaching test
(NC/NL scenario)

The loading scenario induces the formation of new cracks, resulting in an increase in the
volume proportion of pores within the matrix. As a result, the amount of empty space in the
matrix increases. Figure 3.27 exhibits a remarkable rise in the volume proportion of pores post-

loading. These pores can exist as isolated or connected voids. It is noteworthy that an elevation
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in the volume proportion of pores can exert a detrimental effect on the long-term performance

of the matrix.

The decrease in the volume proportion of pores has been observed to be associated with the
carbonation stages in scenarios involving C, C/L, and L/C. This decline in pore volume during
the carbonation stage can be attributed to the formation of carbonation products that can fill
the empty spaces (i.¢., pores) within the S/S matrix. As depicted in Figure 3.28, the carbonation
process caused a reduction in both large and small pores. Consequently, the reduction in pore
volume can lead to an improvement in the properties of the S/S matrix. This improvement can
render the matrix more resistant to various environmental conditions, as will be detailed in the

subsequent chapter.
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Figure 3.27 Pore size distribution before and after the leaching test
(L scenario)
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Figure 3.29 illustrates the pore size distribution for scenario C/L before and after the leaching
test. Combining loading and carbonation resulted in a reduction of the volume proportion of
pores with diameters ranging from 200 um to 1600 um, and an increase in the volume

proportion of pores smaller than 200 pum.
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Figure 3.28 Pore size distribution before and after the leaching test
(C scenario)

The alterations in the distribution of pore size, in terms of equivalent diameters, within the L/C
scenario are illustrated in Figure 3.30. Specifically, a marginal increase in volume proportion
of pores was observed in the diameter range of 94 to 108 um, followed by a period of no
alteration in pore size within the range of 109 and 128 um. Subsequently, there was a further
increase in volume proportion of pores for diameters ranging from 128 to 358 pm. However,
no modifications were detected in volume proportion of pores sizes larger than 358 um in

diameter.
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Figure 3.29 Pore size distribution before and after the leaching test
(C/L scenario)
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Figure 3.30 Pore size distribution before and after the leaching test
(L/C scenario)
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3.6 Influence of carbonation and loading on the sample appearance

The difference in size between un-leached and leached samples was calculated for each
scenario, and the values are provided in Table 3.5. Visual examination of leached samples
showed a slight increase in volume in most scenarios except the C scenario. These results were

duplicated using two different protocols.

Table 3.5 Variations of a sample volume before and after the leaching test

Scenario / NC/NL C L C/L L/C
Test protocol
Constant water flow 0.13 % 0.00 % 0.69 % 0.84 % 2.05%
Intermittent water flow 0.28 % -0.65% | 0.51% 0.85 % 2.05 %

The volume change might be attributable to a variety of factors, including the W/C ratio, matrix
permeability, and pore size. Furthermore, the leaching of CH and C-S-H may alter the pore
volume of sample (Haga et al., 2005). These results are consistent with the effects of each
scenario, in which carbonation decreases the pore volume and mechanical loading, on the other

hand, increases it.

In general, the colour of all samples before the test was light grey (Butcher et al., 1996).
However, after leaching, it changed based on each test scenario, as shown in Figure 3.30. For
example, carbonation can change the sample's colour to dark brown (Butcher et al., 1996;
Venhuis & Reardon, 2001). These changes in colour could be caused by the raised retention
of iron (Butcher et al., 1996). However, no colour change was observed after the loading

scenario.
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C After

Figure 3.31 Comparison of the changes in sample colour in each test scenario:
carbonated samples (buff) and un-carbonated samples (gray)






CHAPTER 4

ANALYSIS OF EXPERIMENTAL RESULTS

The test results that were presented in chapter 3 show the influence of leaching, mechanical
strain and carbonation on the properties of the solidified materials and on leachate composition.
The scenarios that combine two stressors also show their interactions (C/L, L/C). This chapter
discusses the results that were presented in the previous chapter in terms of mechanisms and

the literature.

4.1 Leaching

The NC/NL scenario was supposed to isolate the influence of leaching on the solidified
material. The porosity determined from CT scans varied between 22.9 % before the test and
23.6 % after leaching. Considering the range of porosity values that was obtained by varying
the threshold used for pore segmentation (Table 3.4), the influence of the NC/NL scenario on
porosity is not significant. The influence of this scenario on the amount of CaCO3 in the sample
is also insignificant with weight proportions of 1.5 and 1.4 % before and after the leaching test.
As expected based on these results, the influence of leaching on the solidified material
microstructure is not visible to the naked eye when the initial and final CT scans for the NC/NL
scenario are compared (figure 4.1). In addition, the CT images revealed the presence of three
distinct regions: small white granular regions with higher density, corresponding to minerals
present in the silica sand; gray-colored regions with varying brightness values, representing

the cement and aggregates; and black regions corresponding to pores and cracks.

The NC/NL scenario led to a slight decrease in hydraulic conductivity of 3 % for the
continuous water injection protocol and 27 % for the intermittent water injection protocol (after
ten days of water injection). These small changes in hydraulic conductivity contrast with
previous leaching experiments with cementitious material (e. g. Saito & Deguchi 2000) which

often led to a significant increase in hydraulic conductivity caused by the dissolution of
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portlandite. Leaching calcium ions increases porosity in cement-based material, damaging the
pore structure (Cheng et al., 2013). It is likely that the decrease in hydraulic conductivity could
be due to the phenomenon of self-healing in the presence of water flow (De Belie et al., 2018;
Yildirim et al., 2015). It should be noted that the leaching experiment that are presented in the
literature are designed to prevent carbonation, the main cause of self-healing. For instance,
Haga et al. (2005) conducted their leaching experiment in a glove box with a nitrogen
atmosphere. In the presence of CO3%, part of the portlandite leaching could lead to carbonate
precipitation and a decrease in hydraulic conductivity as was observed for the NC/NL scenario.
The small changes in hydraulic conductivity could also be related to the slight decrease in the
proportion of larger pores shown in Figure 3.25 before and after the NC/NL scenario. Changes
in the proportions of larger and smaller pores were observed for some leaching experiments

(Haga et al. 2005).
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Figure 4.1 Vertical CT scan sections for the NC/NL scenario
A) before and B) after FTL test
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The calcium concentration in the leachate can be associated with the dissolution of CH
(Butcher et al., 2012; Haga et al., 2005; Poon et al., 2001). Figure 4.2 shows the calcium
concentration with respect to the pH. The calcium concentration in the leachate allows the
amount of portlandite dissolved by the leaching to be estimated. The total volume of water
circulated through the sample during the NC/NL scenario for the continuous injection scenario
was 2.18 L with an average Ca concentration of 740 mg/L. Assuming that the mass of leached
calcium is entirely due to portlandite dissolution and based on a density of 2.24 g/cm® for
portlandite (Taylor 1997), the amount of calcium leached during the NC/NL scenario
corresponds to only 0.7 % of the sample of volume or an equal increase in porosity. This

porosity change is small compared to those that were observed with carbonation and loading.
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Figure 4.2 Variations of Ca concentrations as a function of pH

Figure 4.3 presents the relationship between the Si concentration and pH for the various test
scenarios. Based on the low Si concentrations (below 2 mg/L) in the leachate, the leaching of
C-S-H seems to be limited when the solidified matrix is alkaline. These results suggest that Si

is stable when the pH value exceeds 7 (Gollmann, da Silva, Masuero & dos Santos, 2010).
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According to Arribas et al. (2018), the lower silicon concentration might be attributed to silicon
being incorporated into the structure of C-S-H. This discrepancy in leaching behavior can be
attributed to the chemical composition of the S/S matrix, which contains a higher concentration
of calcium-based compounds, such as CH, that possess greater solubility in water compared to
silicon-based compounds. In line with these findings, Heukamp, Ulm, and Germaine (2003)
reported that under equilibrium conditions, the dissolution of CH precedes the decalcification

of C-S-H, resulting in a reduction in the calcium-to-silicon ratio.
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Figure 4.3 Variations of Si concentrations as a function of pH

The Cu concentration gradually declined due to continuous water injection. Additionally, in
the NC/NL scenario, the release of Cu decreased and remained steady between 0.07 and 0.09
mg/L. These results suggest that as long as the leachate remains alkaline, the mobility of Cu
will be low (Catalan & Wetteskind, 2002; Catalan et al., 2002). This is most likely because Cu
can precipitate as copper hydroxides in alkaline conditions (pH > 9) (Komonweeraket, Cetin,

Aydilek, Benson & Edil, 2015; Poon et al., 2001).
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4.2 Carbonation

The impact of carbonation on the density of the solidified material was significant. The impact
of carbonation can be seen by comparing visually the CT scans before and after carbonation
(Figure 4.3). The initial image (A) exhibits a lower density (darker pixels) compared to the

final image (B) after carbonation.

Figure 4.4 Vertical CT scan sections for the C scenario
A) before and B) after FTL test

The increased density is associated with a reduction in pore volume due to the accelerated
carbonation. The porosity values obtained through the segmentation of the p-CT scans
decreased from 25.4 % before the test to 21.4 % after carbonation for the continuous injection
protocol. A comparison of image A and image B also shows a noticeable decrease in the
porosity for the fine-grained matrix between the larger grains. Kong et al. (2020) also observed

an increased density for carbonated matrices. The decrease in porosity for scenario C is in line
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with the results obtained for previous studies (Ashraf 2016; Morandeau et al., 2014;
Pihlajavaara, 1968; Wang et al., 2019; Ngala & Page, 1997; Song & Kwon, 2007). For
example, Wang et al. (2019) observed an 84.25% decrease in the overall volume of pores

exceeding 200 nm in diameter as a consequence of carbonation.

The decrease in porosity was associated with a reduction in hydraulic conductivity (Figure
3.1). Scenario C resulted in a reduction of hydraulic conductivity by 22 % for the continuous
water injection protocol and 62 % for the intermittent water injection protocol. The disparity
in reduction percentages for the two protocols can probably be attributed to the duration of the
water injection. Water was circulated through the sample for respectively nine days and two
days following carbonation for the intermittent and continuous injection protocols,
respectively. These findings concerning the impact of carbonation on hydraulic conductivity
align with the results reported in the literature (Claisse, El-Sayad, & Shaaban, 1999; Song &
Kwon, 2007). For example, Dewaele et al. (1991) conducted a CO2 injection under pressure
and documented a reduction in permeability of several orders of magnitude following
carbonation. A reduction in both porosity and hydraulic conductivity was likewise documented
by Venhuis & Reardon (2001), and Song & Kwon (2007). Figure 4.5 illustrates the association
between porosity and hydraulic conductivity. During carbonation, the measured hydraulic

conductivity exhibited a decrease concomitant with a reduction in porosity.

The formation of calcium carbonate in the C scenario was confirmed through the
thermogravimetric analysis presented in Figure 3.24. The DTG curve displayed a distinct peak
after the carbonation test, indicating the conversion of calcium hydroxide to calcium carbonate
by CO: and the acceleration of the self-healing process (Ashraf, 2016; Morandeau et al., 2014).
The DTG results allowed the increase in the percentage of calcite in the sample to be estimated
from 1.5% before the carbonation test to 3.1% after (Table 3.3). The calcium carbonate
polymorph that was precipitated was not identified in this study, but Arandigoyen, Bicer-
Simsir, Alvarez, & Lange (2006) used X-ray diffraction analyses to show that calcite was the
main polymorph resulting from the transformation of portlandite into calcium carbonate. These

findings suggest that the pores within the solidified material underwent self-healing, leading
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to pore closure and impeding smooth water flow (De Belie et al., 2018; Lange et al., 1996;

Morandeau et al., 2015).
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Figure 4.5 Relationship between porosity and hydraulic conductivity

Carbonation had a significant influence on the leachate pH. After carbonation, all pH

measurements were between 6.03 and 6.78 for the C scenario compared with a range of 12.98

to 13.29 for the NC/NL and L scenarios. These results align with the observations of Bertos et

al. (2004) and Branch et al. (2016), who documented that the presence of cement in the matrix

leads to a significantly high alkaline state (pH 13). However, carbonation reduces the alkalinity

of the solidified matrix.

The solubility of calcium was influenced by the effect of CO2, leading to a momentary increase

in calcium release immediately after the carbonation process, followed by a subsequent decline

over time. Van Gerven, Van Baelen, Dutré, & Vandecasteele (2004) attributed the heightened

calcium release from carbonated samples to the predominance of bicarbonate ions at a lower
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pH. Miillauer, Beddoe, & Heinz (2012) indicated that the substantial leaching of Ca observed

after carbonation could be attributed to the dissolution of portlandite and calcium-silicate-

hydrate (C-S-H).

A gradual reduction in the concentration of calcium was observed over time during leaching.
As depicted in Figure 3.10, the Ca concentration for the C scenario decreased to 317 mg/L at
the end of the test. Because of the decreasing concentration, the total calcium mass leached
during the C scenario is lower than during the NC/NL scenario. This implies that calcite
precipitation during carbonation decreases the calcium mass available for leaching. The
decrease in calcium concentration aligns with the findings reported by Poon & Chen (1999),
who attributed the decline in calcium concentration to the continuous percolation of water
through the pores of the solidified sample. Miillauer et al. (2012) observed a comparable
association between carbonation and the release of calcium, which they attributed to the

conversion of calcium ions into calcite, which exhibits a low solubility.

In contrast to calcium, the concentration of silicon increases following carbonation.
Carbonation contributes to the increased release of silicon from the S/S matrix through
chemical reactions involving carbonate compounds and silicate minerals, resulting in the
dissolution of C-S-H and the formation of calcite (Branch, Kosson, Garrabrants, & He, 2016;
El Bedoui et al., 2018). Carbonation led to a substantial reduction in the Ca/Si ratio of the
leachate, which decreased from 1098 to 14. Miillauer et al. (2012) attributed this decrease in
the Ca/Si ratio to the decalcification of C-S-H. These findings were further corroborated by
Branch et al. (2016), who concluded that the increased solubility of silicon in carbonated
materials provides additional evidence for the dissolution of C-S-H. These findings are
corroborated by Figure 3.24. The DTG curve presented in Figure 3.24 exhibits a singular and
prominent peak of mass loss, which occurred over a temperature range of 580°C to 740°C after
carbonation. This distinct peak in mass loss is attributed to the transformation of the majority

of portlandite and C-S-H into calcite (Arandigoyen, Bicer-Simsir, Alvarez, & Lange, 2006).
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Figures 3.13 and 4.6 illustrate the leaching behavior of copper from carbonated solidified
materials. The process of accelerated carbonation appears to stimulate the release of copper,
with the highest concentration observed due to a decrease in pH. Specifically, the concentration

of copper seems slightly higher for pH levels between 6 and 7, but the disparity before and

after carbonation is relatively minor.
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Figure 4.6 Variations of Cu concentrations as a function of pH

These findings differ from the outcomes reported by Pandey et al. (2012), who employed a
different leaching procedure known as the Toxicity Characteristic Leaching Procedure
(TCLP). Pandey et al. observed that non-carbonated cement showed no detectable copper,
while carbonated cement exhibited a significantly poorer ability to retain copper. Bertos et al.
(2004) also reported high copper leachability following carbonation, attributing this increase
to the enhanced solubility of metal compounds due to pH reduction and the decomposition of

ettringite.
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4.3 Mechanical strain

Mechanical strains combined with leaching had a more significant influence on the solidified
material properties than leaching alone. Figure 4.7 illustrates the impact of external loading

combined with leaching on pore characteristics.
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Figure 4.7 Vertical CT scan sections for the L scenario
A) before and B) after FTL test

The 2D CT scan images exhibit a significant increase in porosity after the loading test, as
depicted in image B. Image A prior to loading shows comparatively brighter pixels (higher
density) compared to image B where microcracks corresponding to black pixels (low density)
are distributed throughout the matrix after loading. The application of mechanical strain within

the S/S sample leads to the formation of microcracks and voids, ultimately resulting in a
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notable augmentation of porosity. This increase encompasses both large pores, which are

interconnected, and small pores, which are isolated, and can reach up to 20 %.

The higher porosity associated with loading led to an increase in hydraulic conductivity by one
order of magnitude. The higher hydraulic conductivity is ascribed to the formation of new
pathways and cracks within the sample. Additionally, Figure 3.27 visually demonstrates a
notable rise in isolated and interconnected pores following the loading process. Aligizaki
(2005) provides insight into the significant role played by interconnected porosity in
influencing the transport properties of cementitious materials. Accordingly, it is postulated that
large pores contribute to the interconnection of flow paths within the S/S matrix, thereby
increasing hydraulic conductivity. These observations align with the findings of Hoseini et al.
(2009), who similarly affirmed that the transport of fluids within cementitious materials is

predominantly influenced by the interconnected pore network.

The influence of mechanical strain on hydraulic conductivity is consistent with the results that
have been presented in the literature. The literature proposes that the microstructure of the
solidified matrix responds sensitively to such loads, interconnecting the pore system and
enhancing flow paths, thereby augmenting hydraulic conductivity (Akhavan & Rajabipour,
2012; Aligizaki, 2005; Choinska, Khelidj, Chatzigeorgiou, & Pijaudier-Cabot, 2007; Van
Breugel, 2007). Wang et al. (1997) conducted measurements of the permeability coefficient of
cracked materials and proposed it is dependent on the width of the crack opening, with
permeability exhibiting an exponential increase for larger cracks. It is important to highlight
that the measurement of crack aperture was not possible in this study due to the limited
resolution of the CT scan. The crack aperture appears to be smaller than the resolution of the
CT scan. Furthermore, it should be noted that the creation of cracks was conducted under

controlled conditions with an axial strain of 1.96%.

The concentration of Ca in the leachate was constant for most of the test with an average
concentration of 728 mg/L. The Ca concentration for scenario L was similar to scenario

NC/NL, apart for the end of the test, which was marked by a gradual decrease in Ca
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concentration for scenario L, as illustrated in Figure 3.10. This decrease in Ca concentration
could be due to the preferential flow paths caused by cracking. These preferential flow paths
could make calcium leaching slower away from the fractures. The Si and Al concentrations for
the L scenarios were also similar to those of the NC/NL scenario, albeit slightly lower for the

L scenario.

Figure 4.6 illustrates the evolution of copper concentration under the loading scenario, as a
function of pH. The Cu concentration varies over two orders of magnitude with a relatively
constant pH (between 12.97 and 13.18). The highest Cu concentration was observed at the
beginning of the leaching test. As it was the case with Ca, the Cu concentration for the L
scenario is similar to the concentration observed during the NC/NL scenario, but with a gradual
decrease at the end of the loading scenario. As mentioned previously for calcium, this
phenomenon may be due to the occurrence of cracking, which facilitates the easy flow of water
along the newly formed channels. Consequently, it may take a considerable amount of time for
chemical equilibrium to be established within the S/S matrix. The findings from the flow-
through leaching tests are consistent with those reported by Poon & Chen (1999), who
demonstrated that Cu leaching exhibited rapid initial rates followed by a gradual decline over
a short period. In relation to this phenomenon, Catalan et al. (2002) explains that as long as the
leachate maintains an alkaline pH, the mobility of Cu remains low. Furthermore, the
observations made by Catalan et al. (2002) align with these findings, indicating a decrease in

Cu concentration with an increase in leachate volume.

In the loading scenario, as water permeated through the solidified sample, a rapid recovery of
hydraulic conductivity was observed, as depicted in Figure 3.1. Specifically, during the initial
five cycles of water injection following the creation of new cracks, the hydraulic conductivity
experienced a slight reduction of 15%. This phenomenon can be primarily attributed to self-
healing mechanisms. According to De Belie et al. (2018) and as presented in Figure 1.11, in

this scenario, the self-healing phenomenon can be categorized into three primary mechanisms:
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1) Physical blocking: The physical blockage of cracks through the presence of fine silica

and cement particles, which are direct consequences of the cracking process.

2) Chemical Reactions: When water flows through the solidified sample, it contains
carbonate ions that react with calcium ions resulting in the formation and precipitation of
calcite. This precipitation fills the pores and cracks, resulting in a decrease in hydraulic

conductivity.

3) Rehydration mechanism: This mechanism refers to the process of continuing hydration
of unhydrated cement grains during saturation or restoration, known as continued
hydration. However, the occurrence of this mechanism is still a subject of debate in the
current study where the research in the literature suggests that a portion of the cement
matrix, up to 25%, may remain unhydrated, thus rendering the assumption of rehydration

plausible (De Belie et al., 2018; Li & Yang, 2007).

The precise mechanism underlying the observed self-healing phenomenon in the current
scenario has not been fully determined. However, based on the available evidence, physical
blocking and chemical reactions are considered the most likely mechanisms that contribute to
the self-healing process. It is noteworthy that the precipitation of calcite has a limited impact
on the decrease in hydraulic conductivity. This limitation is due to the restricted availability of
COz during the curing process (Van Tittelboom, Gruyaert, Rahier, & De Belie, 2012), as the

samples were enclosed in a sealed bag within the humidity room throughout the curing period.

4.4 Interactions between leaching, loading and carbonation.

When considering the combined effects of carbonation and loading, the hydraulic conductivity
behavior exhibits less severity compared to loading alone. The C/L scenario, which involves
the sequence of carbonation followed by mechanical loading, reveals two distinct stages.

Figure 3.1 presents a 20% reduction in hydraulic conductivity subsequent to carbonation,
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succeeded by a notable increase of 157% following the loading phase. Eventually, the value of

hydraulic conductivity undergoes a gradual decline of 61% by the end of the leaching test.

The influence on hydraulic conductivity was found to be more pronounced when loading is
conducted prior to carbonation, as opposed to when carbonation precedes loading. As depicted
in Figure 3.1, the initial hydraulic conductivity experiences a significant increase of 552% due
to the development of cracks subsequent to the loading phase. Subsequently, after subjecting
the solidified sample to a period of three days involving CO2 injection, the hydraulic
conductivity demonstrates a decrease of 67% owing to pore clogging. Additionally, during a
water injection period of ten days, the hydraulic conductivity exhibits a gradual decline of
30%. The combination of loading and carbonation indicates that carbonation can improve the
mechanical properties of solidified sand by inducing an internal structure that mitigates the
impact of external stress and minimizes fracture occurrences. This phenomenon is particularly
evident in the C/L scenario, where the increase in hydraulic conductivity is lower compared to
the L/C scenario. In simpler terms, when cracking occurs due to applied mechanical loading
after carbonation, the impact on hydraulic conductivity is higher compared to when

carbonation precedes the occurrence of cracking.

Figures 4.7 and 4.8 illustrate the impact of carbonation combined with loading on pore
characteristics. Subsequent to the FTL test, it was observed that certain pores became
interconnected with the cracks, resulting in a slight increase in the darkness of image B due to
the augmented presence of pores. A similar phenomenon of density changes in CT images has
been reported by Fukuda et al. (2012). Accordingly, Aligizaki (2005) and Hoseini et al. (2009)
have confirmed that the observed increase in hydraulic conductivity can be attributed to the
interconnection between pores and cracks, which consequently creates new flow paths.
However, the combination of carbonation and loading resulted in a less severe increase in the

porosity percentage. This hypothesis is supported by the results of the C/L and L/C scenarios.
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Figure 4.8 Vertical CT scan sections for the C/L scenario
A) before and B) after FTL test

Figure 4.4 illustrates that in both the C/L and L/C scenarios, there is a respective porosity
increase of 6% and 7%. Put simply, the higher porosity and enhanced connectivity result in
higher hydraulic conductivity, as supported by Zhong and Wille (2016) and Zhong, Xu, Netto,
and Wille (2016). Despite the overall increase in total porosity observed in most cases, such as
in the C/L and L/C scenarios, the hydraulic conductivity gradually decreases as water flows
through the pores and cracks within the solidified/stabilized matrix. This phenomenon can be
attributed to an increase in small pores, which are considered inactive, and a concurrent
reduction in the larger, more active pores. This trend is visually depicted in Figures 3.29 and

3.30.



134

SS_Sample_L-C _Before test (Total Pores) SS_Sample_L- C _After test (Total Pores)
. Y (Density) : A T N
i 65 535.00 g 5

, 57 343.13

| 49151.25

40 959.38

32 767.50 |

% 2457563 |

16 383.75°

8191.88°

Figure 4.9 Vertical CT scan sections for the C/L scenario
A) before and B) after FTL test

The combination of carbonation and loading has provided evidence of a healing phenomenon
in solidified materials, which can be ascribed to two distinct processes encompassing chemical
and physical mechanisms. The chemical mechanism involves the precipitation of calcite
resulting from accelerated carbonation, while the physical mechanism involves the clogging
of the pores and cracks through the minute particles present on the crack surfaces subsequent
to loading (De Belie et al., 2018; Ferrara et al., 2018; Herbert & Li, 2013; Nakarai & Yoshida,
2015; Heide & Schlangen, 2007). These two mechanisms, as mentioned previously, lead to a
reduction in porosity, consequently resulting in a decrease in the hydraulic conductivity of the
solidified matrix. The generation of carbonates through the process of accelerated carbonation
induces modifications in the pore structure of the matrix, leading to an increase the density of
matrix. Figure 3.24 depicts the differential thermogravimetry (DTG) curves, presenting
compelling evidence that accelerated carbonation induces a substantial transformation of

Ca(OH)2 and C-S—H gel into calcite, which is widely regarded as the primary self-healing
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mechanism (De Belie et al., 2018). This observation strongly suggests that the S/S samples

underwent effective carbonation (Arandigoyen, Bicer-Simsir, Alvarez, & Lange, 2006).

In general, when loading occurs after carbonation, it induces the formation of cracks, resulting
in an increased gap between pores in the solidified sample. Consequently, when water is
present, the reaction between Ca(OH)2 and CO3*" may resume (Van Tittelboom et al., 2012).
This hypothesis is supported by the results of the differential thermogravimetric curves, which
demonstrate a higher peak of calcite in the C/L scenario compared to the L/C scenario (Figure
3.24). Furthermore, the porosity in the C/L scenario was found to be lower than in the L/C
scenario, as evidenced by Figure 4.5, which also shows a decrease in hydraulic conductivity

due to CaCOs precipitation.

For the L/C and C/L scenarios, carbonation led to a gradual reduction in Ca release, while
loading did not have an impact on Ca release. The gradual decline in Ca concentration can be
attributed to the effect of accelerated carbonation, resulting in the transformation of calcium
ions into calcite, thereby converting the CH and C—S—H gel into CaCOs (Johannesson &
Utgenannt, 2001; Walton et al., 1997. These findings are consistent with the release of silicon
at pH 6.5, where the release of Si ions appears to increase (Branch, Kosson, Garrabrants, &
He, 2016; Halim, Amal, Beydoun, Scott & Low, 2004). The increase in Si solubility after
carbonation could be attributed to C-S-H dissolution (Branch et al., 2016). Gollmann, da Silva,
Masuero & dos Santos (2010) reported that when the pH value exceeds 7, Si appears to remain
stable. Figures 3.9 and 4.3 demonstrate a correlation between the concentration of silicon and
the loading conditions. Specifically, it can be observed that the decrease in Si concentration is
more pronounced in the carbonation followed by loading (C/L) scenario compared to the
loading followed by carbonation (L/C) scenario at the end of the test. This reduction in Si
concentration can be attributed to the subsequent occurrence of cracks in the C/L scenario. The
formation of cracks facilitates preferential pathways for leaching, allowing for increased flow
of leachate, which in turn leads to a decrease in Si concentration. The higher volume of leachate

contributes to a more significant reduction in Si concentration within the solidified material.
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As expected, carbonation has demonstrated an increase in the release of copper, reaching its
peak value. This can be attributed to the dissolution and precipitation of copper hydroxide and
copper oxide, as reported by Komonweeraket et al. (2015). When carbonation is combined
with loading, the loading-induced decrease in copper release is noticeable, albeit remaining at
a low but detectable level. These findings provide clear evidence that can be attributed to the

flow of water through newly formed pathways, leaving little ambiguity for interpretation.

Most studies have reported that the mechanical properties (strength) of cement-treated soils
tend to increase after a few years when compared to the initial strength measured at 28 days
(Kongsukprasert, Tatsuoka, & Takahashi, 2007; Seng & Tanaka, 2011). Also, Nakarai &
Yoshida (2015) report the restoration of mechanical properties, specifically an increase in the
strength of cement-treated sand. They attributed this phenomenon to the formation of calcite,
which occurs as a result of accelerated carbonation. Despite the observed recovery in hydraulic
conductivity of solidified samples over time in all test scenarios when exposed to water (Figure
3.1), there was a decrease in the unconfined compressive strength of solidified samples across

all test scenarios.

These findings align with Herbert & Li's (2013) observations from their literature review,
where they noted that the presence of self-healing products can close cracks but may not
necessarily imply the recovery of mechanical properties. In line with these findings, Van
Tittelboom et al. (2012) observed a decrease in the coefficient of water permeability over time,
but no variations in strength recovery were observed across different test series. They also
concluded that the initial strength of the cementitious material was higher compared to the final
strength after the healing process. These results are consistent with the current results, where
the initial UCS of the solidified samples was higher than the final UCS following the leaching
test as presented in Tableau 3.1. Furthermore, Herbert & Li (2013) reached the conclusion that
the recovery of stiffness in samples is influenced by the duration of exposure to the healing
process. As an illustration, samples that underwent healing for three months were able to regain
up to 65% of their initial stiffness. This observation may provide an explanation for the absence

of regained strength in the solidified samples. Additionally, it is important to note that the
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samples were subjected to different conditions, including a flow-through leaching test and a

loading test.






CONCLUSIONS AND RECOMMENDATIONS

This thesis was carried out to improve understanding of the physicochemical phenomenon of
carbonation and loading on cement-based solidified sand samples. Using a modified triaxial
cell and micro-CT scan, this study has provided valuable insight into the effects of carbonation
and mechanical damage on solidified silica sand. The main experimental points that have been

taken into account in the experiment preparation are as follows:

e Choosing the appropriate water/cement (W/C) ratio. A higher W/C ratio increases the
percentage of connected pores, improving gas penetration, and making it easier for fluid

to pass through the material.

e Choosing the appropriate method of loading. The target was to create microcracks. The
variables to be considered include confinement pressure, axial loading rate, and

maximum displacement.

e Choosing the gas injection protocol. The procedure was established to increase gas
penetration through the sample instead of flowing around the sample. Injection time, gas

flow rate, and injection pressure were the parameters to be considered.

e Choosing the appropriate leaching test to assess the long-term stability of S/S (Butcher et
al., 1993; Poon et al., 1999; Zhang et al., 2009). A flow-through leaching test was used
to simulate how water comes in contact with S/S materials in environmental conditions,
and to ensure that the water used in the experiment is constantly renewed to mirror
environmental conditions. A flow-through leaching test allows using the same sample for

other tests.

e The modified triaxial cell can leach full-scale solidified samples without any size
reduction. Additionally, the characteristics of the internal microstructure can be obtained

before and after the leaching test.
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This project's aims can be classified into two categories: The first objective is to evaluate the
impact of loading and carbonation on the physical alteration of S/S matrices, such as hydraulic
conductivity, compressive strength, and alteration of interior microstructure, namely pore size
distribution. The second objective is to evaluate the impact of these environmental conditions
on chemical alteration, such as the leachability of some major and trace elements.
Consequently, two experimental protocols have been set up. The first test protocol is
continuous water injection. The second test protocol is intermittent water injection. In addition,
each test protocol consisted of the following five test scenarios, namely NC/NL, C, L, C/L,
and L/C: 1) No carbonation / no loading (NC/NL); in this scenario, the sample was subjected
to FTL/K tests; 2) carbonation (C), the sample was subjected to FTL/K tests then carbonation
followed by FTL/K tests; 3) mechanical loading (L), the sample was subjected to FTL/K tests
then loading test followed by FTL/K tests; 4) carbonation followed by mechanical loading
(C/L), the sample was subjected to FTL/K tests, carbonation, FTL/K tests, loading test, and
FTL/K tests; 5) mechanical loading followed by carbonation (L/C), the sample was subjected
to FTL/K tests, loading, FTL/K tests, carbonation, and FTL/K tests.

The variations in hydraulic conductivity and porosity of solidified samples after being exposed

to various test scenarios are as follows:

a) In the first experimental scenario (control), there was a negligible decrease in hydraulic
conductivity followed by a slight increase in small pores. This reduction is because the

sample heals itself with water flowing into it (De Belie et al., 2018).

b) After the carbonation process, the hydraulic conductivity was reduced. The porosity
images obtained by the CT scan showed an apparent decrease in porosity, resulting in
self-healing. Carbonation led to the precipitation of calcite, which closed the pores,
resulting in self-healing. The healing phenomenon is strongly linked to the growth of
calcite. By the end of the test, the hydraulic conductivity had gone down by a further
20 %.
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¢) The third test scenario involved mechanical loading. Due to microcracking, the hydraulic
conductivity increased by slightly more than one order of magnitude. In addition, after
ten days of water injection, the hydraulic conductivity was reduced by 10 % because of

self-healing. This percentage is similar to the value obtained by Yildirim et al. (2015).

d) The fourth test scenario combined the effects of carbonation and loading. This test
scenario led to a 20 % decrease of hydraulic conductivity after carbonation. This decrease
was due to calcite precipitation in the connected voids. After loading, the hydraulic
conductivity was increased by 1.13 orders of magnitude. The subsequent measurements
of hydraulic conductivity progressively decreased by 21 %, i.e., the healing continued

until the end of the tests.

e) The last test scenario increased hydraulic conductivity by 1.1 orders of magnitude when
the microcracks grew under mechanical loading conditions. These microcracks might
increase COz penetration. As a result, they diffuse CO2 through the pores faster than in
the previous test scenario. Also, during the first water injection cycle, the hydraulic
conductivity sharply decreased by up to 77 %. This hydraulic conductivity reduction

gradually slowed until it was relatively constant during the last four cycles.

However, in C/L and L/C scenarios, loading did not slow healing despite crack growth,
resulting in hydraulic conductivity at the end of the test equal to or even a little higher than the
initial result. Also, completely eliminating these fractures is impossible, but carbonation might
minimize these factors by reducing the void percentage through self-healing. According to the
results of hydraulic conductivity, it would seem that the more time to healing increases, the
greater the amount of calcite formed on the crack surface. It can also be noted that the gains in
mechanical resistance of the samples are zero. The resistance is lower for cracked samples

such as the L scenario than for the carbonation scenario.
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The pH values during the flow-through leaching test showed pH stability during the NC/NL
and L scenario at 13. In contrast, significant drops in the pH of the pore solution to 6 were
observed after carbonation in C, C/L, and L/C scenarios. In the scenario of NC/NL, the results
show that light variations in the leachability of copper and silicon indicate that this metal is
still well immobilized within the solidified sand samples. However, when the sample was
exposed to carbonation, three phases of copper leaching were observed: significant increase,
then partial decrease, and finally, a steady state. Generally, the insolubility of copper in alkaline
media was more significant than in acidic media. The main hypothesis is a more increased

dissolution and mobility of copper in acidic solutions at pH 6.

Mechanical loading tended to minimize copper leaching, and after a short period, no copper
concentration was detected in the leachate of L scenario. However, these observations are not
reflected in the scenarios of C/L and L/C. On the other hand, it was impossible to determine
whether it came from the matrix's cracking or a new chemical reaction. However, this might
indicate that chemical equilibrium did not occur because the water flows through the new paths
due to loading. However, the release of copper was very low and did not exceed 2 mg/L. The
contents of copper in the solution as average values are 0.08, 0.33, 0.06, 0.25, and 0.27 mg/L
for NC/NL, C, L, C/L, and L/C scenarios, respectively. In general, under the experimental
conditions (flow-through leaching conditions) used with DI water as leachant, the retention of

Cu was good, with minimal leaching observed.

The release of calcium was different via various test scenarios. For example, in the absence of
carbonation, such as in NC/NL and L scenarios, the results of calcium leaching remained stable
at 750 mg/L for a long time. This phenomenon can be explained as follows: when deionized
water reacts with solid hydrates in the pore solution, it modifies the pore solution's chemical
equilibrium. Consequently, it induces the dissolution of Ca(OH):; thus, it diffuses ions out of
the material (Gérard, Le Bellego & Bernard, 2002). Again, to reach the state of chemical
equilibrium, more hydrates materials (e.g., Ca(OH)2 and CSH-phases) are dissociated and
dissolved immediately from the essential constituent of the matrix (Kuhl, Bangert & Meschke,

2004). The process of calcium dissolution primarily diminishes the physical properties of the



143

S/S matrix, which can have detrimental effects over the lifetime. Also, loading did not increase
Cu, Al, Ca, and Si leachability. However, a significant reduce in calcium leaching was
observed in the presence of carbonation during the C, C/L, and L/C scenarios. This can be
explained as when COz penetrates the sample, it dissolves in the pore solution and reacts with
hydrated materials to form calcite. The leaching of calcium exhibits a higher rate compared to
that of copper, silicon, and aluminum, indicating that the solidified sample may experience

degradation before the complete leaching of metals occurs (Poon et al., 2001).

The carbonation tests were carried out by using 100% carbon dioxide. The penetration of CO2
varied between test scenarios. The carbonation depth in the scenario of C/L is slightly greater
than that in the L/C scenario. Additionally, the carbonation detection result was confirmed by
the phenolphthalein test. This might also be explained by saying that increasing the healing
period increases the depth of carbonation. Indeed, the process of carbon dioxide diffusion

through the crack is significantly dependent on crack openings and rupture mechanics.

There are significant differences in porosity observed in the microstructure between non-
leached and leached samples (based on test scenarios). Also, the initial microstructure of all
test scenarios shows a similar or little difference in the percentage of porosity. As a result of
the flow-through leaching test, a slight increase in pore volume was observed in the scenario
of NC/NL. Moreover, carbonation significantly reduces the total porosity and hydraulic
conductivity. The conformity in hydraulic conductivity and the porosity indicates that the pores
are clogging due to calcite formation, which modifies the microstructure. Also, there was a
clear relationship between increased hydraulic conductivity and total porosity in the scenarios
of L, C/L, and L/C. This increase is related to the loading effect. Given the sensitivity of the
CT analysis and despite the lack of data, the results of CT data show a good agreement with
the experimental results. Thus, even if we could not achieve satisfying results in terms of
determining the diffusion of CO2 and healing products such as calcite, it turns out that the CT

scans prove to be a promising tool for studying the microstructure of the solidified matrix.
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The following technical and scientific recommendations can be formulated to better understand
the behaviour of cement-based solidified sand contaminated with metals, considering the

observations, results, and conclusions made within the framework of this research:

e This study focused on a single trace element, It would be interesting to carry out similar
studies for other elements such as Zn, Pb, As. Similarly, these studies must be
supplemented by solidified samples from the real field containing the trace elements
studied to see the relationship between results for the standard laboratory tests and actual

long-term performances in the field.

e As far as stability and durability studies are concerned, the scenarios that were presented
in this thesis must be supplemented by tests involving other environmental stressors and
variable experimental conditions, such as using different levels of confining stress. In
addition, the potential risks of other environmental attacks, such as freeze/thaw cycles,

should be examined.

e The results show that carbon dioxide is primarily responsible for self-healing. One of the
questions raised by the study results is the effect of microcracks on carbon dioxide
penetration. However, the diffusion of carbon dioxide through the crack is significantly
increased, slowed down, or even stopped according to the crack opening. Thus, it is
necessary to consider the measurement of crack size and rupture mechanics. Also, to
understand the self-healing phenomenon and identify the healing products (i.e., calcite).
Additional analysis, such as Energy Dispersion Spectrometry, is necessary to identify the

presence of calcite within the pores.

The major contributions of this thesis can be summarized into four primary points:
experimental scenarios, modified triaxial cell, flow-through leaching test, and Ct analysis. To
simulate the environmental conditions, the development of experimental scenarios is needed.
These series of proposed test scenarios are unique. Applying carbon dioxide combined with

microcracks into the solidified sample under confining stresses is another distinctive feature of
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this research. Regarding laboratory leaching tests, the flow-through leaching test remains
limited. For predicting the long-term behaviour of solidified matrices, the CT scan is
considered an essential tool. Also, the experimental results obtained in an aggressive
environment will facilitate the development of numerical models to simulate the long-term
performance of S/S. The stabilization/solidification technique is seldom used in Quebec, partly
because of the absence of experimental data on the long-term performances of this technique.
The aim of this experimental study is to enhance our understanding of
stabilization/solidification technique by examining the effectiveness, applicability, and

limitations of this method.
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