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Abstract
Storing CO2 in deep underground reservoirs is key to reducing emissions to the at-

mosphere and standing against climate change. However, the risk of CO2 leakage from

geological reservoirs to other rock formations requires a careful long-term analysis of the

system. Essentially, oil well cement used for the operation must withstand the carbonation

process that changes its poromechanical behaviour over time, possibly affecting the system’s

integrity.

The use of nanoadditives for cement, such as bacterial nanocellulose (BNC), has been

increasing in recent years. This biopolymer has particular properties, like high mechanical

properties and thermal resistance, that can improve cement performance. For this reason,

and in light of the problems that carbonation may pose in the long term in the context

of geological storage of CO2, studies were carried out under supercritical CO2 conditions

analyzing the behaviour of cement with nanocellulose additions.

Rheological, mechanical, thermal, and microstructural tests were performed on samples

with different percentages (0%, 0.05%, 0.10%, 0.15%, 0.20%) of bacterial nanocellulose

(BNC). 11 free fluid and 6 thickening-time tests were performed to characterize the slurry

with BNC. The mechanical behaviour of the hardened state was investigated through the

dynamical mechanical analysis (DMA) of 20 samples, measurements of 32 elastic ultrasound

waves, 84 unconfined compressive strength (UCS) and 24 triaxial experiments (20 isotropic

and 4 compressive tests). A total of 64 cylindrical specimens were subjected to supercritical

CO2 conditions (20 MPa and 90 °C) for 30 and 120 days with several percentages of nanocel-

lulose using two curing methods, one long-term curing at low temperature (36 specimens)

and one short-term curing at high temperature (32 specimens). The microstructure and

crystalline characterization were studied by means of thermogravimetric analysis (TGA)

of 9 samples, mercury intrusion porosimetry (MIP) of 52 samples, water porosity of 60

samples, scanning electron microscopy (SEM) of 6 samples, and X-ray diffraction (XRD) of

10 samples.

These results showed that BNC produces an increase in slurry viscosity but retains a

greater amount of water which aids in its subsequent hydration. This could be observed

in its microstructure, where a higher degree of hydration, and a decrease in porosity were

observed. This increase in hydration was likely the reason why cements with nanocellulose

had a uniaxial compressive strength up to 20% higher than neat cement. It was also observed

that higher BNC contents improve the thermo-mechanical behaviour under oscillating

bending stress.

After carbonation, the microstructure shows that the capillary porosity decreases steadily

to values of 5%, which reduces the penetration of carbonic acid into the sample. All cements

showed a reduction in mechanical strength, but cements with BNC had a lower degree of
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carbonation and better mechanical behaviour, because of the lower capillary porosity prior

to carbonation.

However, these effects were not observed when the cement was subjected to a curing

process under unfavorable conditions at high temperatures. In this case, the large increase

in porosity dulls the short-term hydration effects, and the strength of cements with nanocel-

lulose is lower than neat cement prior to the carbonation process. After carbonation, a

relative increase in the strength of the specimens with BNC is higher, however, it is still

below the strength of neat cement.

These experimental studies were simulated using a coupled chemo-hydro-mechanical

model. The model simulates the carbonation front advance in cement subjected to super-

critical CO2 and the changes generated by the chemical reactions using the classic balance

equations of porous continua based on conservation of mass and momentum. Simultaneous

dissolution of portlandite and C-S-H, dissolution of calcite, and a damage model were

added to the existing code. The carbonation progress of the specimens was represented

and extrapolation was made to an oil well based on the parameters obtained from the

experiments and simulations.

Keywords: oil well cement, supercritical carbonation, mechanical strength, microstruc-

ture, modeling
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Résumé
Le stockage du CO2 dans des réservoirs géologiques profonds est essentiel pour réduire les

émissions dans l’atmosphère et lutter contre le changement climatique. Toutefois, le risque

de fuite de CO2 des réservoirs géologiques vers d’autres formations rocheuses implique

une analyse minutieuse du système à long terme. Principalement, le ciment des puits

pétroliers utilisé pour l’opération doit résister au processus de carbonatation qui modifie son

comportement poromécanique au fil du temps, ce qui peut affecter l’intégrité du système.

L’utilisation de nanoadditifs pour le ciment, comme la nanocellulose bactérienne (BNC),

a augmenté ces dernières années. Ce biopolymère possède des propriétés particulières,

telles que des propriétés mécaniques élevées et une résistance thermique, qui peuvent

améliorer les performances du ciment. Pour cette raison, et à la lumière des problèmes que

la carbonatation peut poser à long terme dans le contexte du stockage géologique du 2, des

études ont été menées dans des conditions de 2 supercritique pour analyser le comportement

du ciment avec des ajouts de nanocellulose.

Des essais rhéologiques, mécaniques, thermiques et microstructurels ont été réalisés sur

des échantillons contenant différents pourcentages (0%, 0,05%, 0,10%, 0,15%, 0,20%) de

nanocellulose bactérienne (BNC). Des essais de fluide libre et de temps d’épaississement

ont été réalisés pour caractériser la suspension avec BNC. Le comportement mécanique de

l’état durci a été étudié par l’analyse mécanique dynamique (DMA), les mesures des ondes

ultrasonores élastiques, la résistance à la compression non confinée (UCS) et les expériences

triaxiales. Ensuite, des échantillons cylindriques ont été soumis à des conditions de CO2

supercritique (20 MPa et 90 °C) pendant 30 et 120 jours avec plusieurs pourcentages de

nanocellulose en utilisant deux méthodes de durcissement, un durcissement à long terme à

basse température et un durcissement à court terme à haute température. La microstructure

et la caractérisation cristalline ont été étudiées par analyse thermogravimétrique (TGA),

porosimétrie par intrusion de mercure (MIP), porosité à l’eau, microscopie électronique à

balayage (SEM) et diffraction des rayons X (XRD).

Ces résultats montrent que la BNC produit l’augmentation de la viscosité du coulis mais

retient une plus grande quantité d’eau, ce qui facilite son hydratation ultérieure. Cela

a pu être observé dans sa microstructure, où un degré d’hydratation plus élevé, et une

diminution de la porosité ont été observés. Il est probable que cette augmentation de

l’hydratation soit la raison pour laquelle les ciments contenant de la nanocellulose ont une

résistance à la compression uniaxiale jusqu’à 20% supérieure à celle du ciment ordinaire. Il

a également été observé que des teneurs plus élevées en BNC améliorent le comportement

thermo-mécanique sous une contrainte de flexion oscillante.

Après carbonatation, la microstructure montre que la porosité capillaire diminue régulière-

ment jusqu’à des valeurs de 5%, ce qui réduit la pénétration de l’acide carbonique dans
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l’échantillon. Tous les ciments ont montré une réduction de la résistance mécanique, mais les

ciments avec BNC ont eu un degré de carbonatation plus bas et un meilleur comportement

mécanique, en raison de la porosité capillaire plus basse avant la carbonatation.

Cependant, ces effets n’ont pas été observés lorsque le ciment a été soumis à un processus

de durcissement dans des conditions défavorables à haute température. Dans ce cas, la forte

augmentation de la porosité atténue les effets de l’hydratation à court terme et la résistance

des ciments avec nanocellulose est plus faible avant le processus de carbonatation. Après

la carbonatation, une augmentation relative de la résistance des échantillons avec BNC est

plus élevée, cependant, elle reste inférieure à la résistance du ciment ordinaire.

Ces études expérimentales ont été simulées à l’aide d’un modèle chimio-hydro-mécanique

couplé. Le modèle simule l’avancée du front de carbonatation dans le ciment soumis

au 2 supercritique et les changements générés par les réactions chimiques en utilisant

les équations de conservation classiques des milieux continus relatives à la masse et à

la quantité de mouvement. La dissolution simultanée de la portlandite et du C-S-H, la

dissolution de la calcite et un modèle d’endommagement ont été considérés. La progression

de la carbonatation des échantillons a été représentée et une extrapolation a été faite

à un puits pétroliers sur la base des paramètres obtenus à partir des expériences et des

simulations.

Mots-clefs: Ciment de puits pétroliers, carbonatation supercritique, résistance mécanique,

microstructure, modélisation
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which is not occupied by the solid phase

φF
Pore volume occupied by the in-pore fluid per unit volume

of porous medium

φL Porosity due to leaching of cement matrix

φP Porosity filled by calcite precipitation





1Introduction

1.1 Context and motivation

The increase in energy demand due to the world’s economic growth has led to an increase

in CO2 emissions [1]. This has a negative impact on the environment, damaging ecosystems,

air quality and promoting the greenhouse effect. As a result, new technologies are being

developed to reduce the concentration of CO2 in the atmosphere. One of the several

solutions to reduce atmospheric pollution today is carbon capture and storage (CCS). This

technology consists of capturing CO2 during industrial processes and diverting its flow to

suitable reservoirs [2]. These reservoirs have a large volume adequate to store these gases

[3].

The use of nanoadditives for cement, such as bacterial nanocellulose (BNC), has been

increasing in recent years due to its high mechanical properties and thermal resistance.

However, the influence of BNC addition on the mechanical properties of the cement is not

widely studied. The modification of cement to improve some properties is a subject of

interest in the cement wellbore industry, and evidence shows that nanocellulose can be used

as a crack inhibitor to avoid cement damage and thus prevent CO2 leakage through the upper

formations. The induced reduction of permeability, and other transport properties such as

diffusivity, would be essential to prevent the entry of carbonic acid into the cementitious

matrix. Therefore, the study of bacterial nanocellulose as an additive for oil well class G

cement is a promising alternative to improve cement performance in petroleum engineering

applications, especially in the context of geological storage of CO2.

This study aims to contribute to the behaviour of modified petroleum cements in a

context of carbon dioxide injection in geological reservoirs. The characterization of one

of the constituent elements of the triple interface (cement annulus, cap rock and reservoir

rock) of an injection well: oil cements modified with bacterial nanocellulose (NCB). The

aim is to understand the micro and macro structural interaction of the modified cements

under a supercritical CO2 environment similar to that of a CO2 geological storage. The

experimental results will provide the key parameters for a constitutive and numerical study

of possible simplified injection scenarios including thermal, hydraulic, mechanical and

chemical (THMC) couplings at the triple interface. The expected results are intended to

provide insight into the above interactions and their consequences in the depleted oil basin

for future CO2 and other gas storage ventures.
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1.2 Objectives and outline of the work

The objective of this work is to expand the current knowledge on the mechanical and

microstructural behaviour of cement after a supercritical carbonation process and to compare

it with bacterial nanocellulose-containing specimens.

For this purpose, we examine the rheological behaviour of an oil well cement slurry

modified with different percentages of BNC by performing free fluid and consistometry tests.

The thermal and mechanical behaviour of class G cement with different BNC content is

analyzed by dynamic mechanical analysis (DMA) and unconfined compression strength

(UCS) tests. In addition, the degree of hydration (DOH) of the cement paste with the

addition of BNC is investigated using thermogravimetric analysis (TGA).

This work also presents results on the porous structure and mechanical properties of

cement modified with bacterial nanocellulose after carbonation under supercritical CO2

conditions representative of CO2 geological storage conditions. Specimens with BNC

addition were cured for 28 days at 20 °C and then subjected to supercritical CO2 for 30 and

120 days in an environment at 20 MPa of pressure, with a temperature of 90 °C. Mercury

intrusion porosimetry (MIP), porosity measurement by oven-drying, X-ray diffraction (XRD),

scanning electron microscopy (SEM), TGA, UCS, and triaxial tests were performed on

cylindrical carbonated specimens.

To determine the properties of cement curing under extreme conditions, one group of

specimens was cured at 90 °C, unmolded after 24 h, and kept underwater for 48 h. Then,

they were dried at 85 °C for one week. This method provides information on cements cured

under unfavorable conditions, simulating dry curing after being 48 hours underwater in the

wellbore and subsequent carbonation.

Figure 1.1 shows a diagram of the tests performed on cement samples with bacterial

nanocellulose, while Figure 1.2 shows the layout of the tests performed on carbonated

samples. All microstructural tests are included in Figure 1.2.
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Fig. 1.1.: Testing methodology to study the effect of BNC on cement. All microstructural tests are
included in Figure 1.2.
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Fig. 1.2.: Testing methodology to study the effect of carbonation.
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The structure of the following chapters is presented below:

• Chapter 2: This chapter is dedicated to a review of the literature relevant to the present

work. Is divided into three sections, namely the geological CO2 storage technology,

the fundamental roles of cement, and a study of bacterial nanocellulose.

• Chapter 3: This chapter describes to the materials and methods used for the character-

ization of class G cement paste with the addition of bacterial nanocellulose.

• Chapter 4: The results are presented and discussed in this chapter. They are divided

into three sections. The first shows the effects of bacterial nanocellulose on cement in

the fresh and hardened state. The second one presents the influence on mechanical

strength and microstructure due to supercritical carbonation. And the last one shows

the variation in the performance that can be obtained in these modified cements if the

curing conditions are unfavorable.

• Chapter 5: In this chapter, the degree of carbonation of laboratory specimens is

determined, and a simulation is carried out using a chemo-hydro-mechanical model

implemented in a finite element code. Modifications were made to the base code to

account for the simultaneous dissolution of CH and C-S-H, and also the dissolution of

calcite when the supercritical CO2 concentration is high enough.

• Chapter 6: Conclusions and perspectives are presented in this chapter.

4 Chapter 1 Introduction



2Literature review

2.1 Carbon capture and storage (CCS)

2.1.1 A climate change technology

There is an increasing rate of greenhouse gas emissions into the atmosphere [4]. This

can have consequences for different ecosystems and human health[5]. Even though some

developed countries are reducing their CO2 emissions, some developing countries such as

India, China, and the rest of the world are still increasing their consumption of fossil fuels

[4]. Although new technologies are being developed to replace fossil fuels, humankind is

still dependent on them. During this transition, reducing greenhouse gas emissions will be

crucial. The mitigation options include energy efficiency, use of less carbon-dependent fuels,

such as nuclear power, and obtaining new renewable energy sources. It should be borne in

mind that no single technology option will provide all the emission reductions needed to

achieve stabilization; more likely, several mitigation measures will be required. Figure 2.1

shows the evolution of CO2 emissions over the years. As a result of the awareness of a large

part of society, it has been possible to reduce some future emissions, although they could be

reduced even further. To this end, the Intergovernmental Panel on Climate Change (IPCC)

proposed a target for 2050 so that global warming does not raise the Earth’s temperature by

more than 1.5 °C [6].

Fig. 2.1.: Historical record of global CO2 emissions compared with various projections [7].
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The carbon dioxide capture and storage (CCS) technology is an effective solution to reduce

these emissions of CO2 [7]. CCS is a process that involves the separation of CO2 emitted by

industries or sources, its transport to a storage site, and its long-term atmospheric isolation

[8]. This technology allows storing massive amounts of CO2 underground in geological

reservoirs[3, 9], such as abandoned oil reservoirs, deep saline aquifers, basaltic rocks, or

coal seams [10, 11]. Figure 2.2 shows the different alternatives for CO2 storage.

Fig. 2.2.: Geological storage options for CO2. Courtesy of CO2CRC Ltd.

It is important to know the storage capacity of the reservoir, but this highly depends on

temperature and pressure [1]. High pressures and temperatures just above the supercritical

point considerably increase the fluid density, and therefore the amount of CO2 that can be

stored [7]. Therefore, reservoirs deep enough to store CO2 in a supercritical state (scCO2)

present considerably higher capacities compared to shallower reservoirs with similar pore

volume. Other key factors are the porosity and permeability of the reservoir rock. For

instance, the “Sicily Channel” and “Abruzzi Offshore” reservoirs are candidates for geological

storage, with porosities reaching 25.6% and permeability of 358 mD [12]. On the other

hand, shale formations can also be considered for storage of CO2, as indicated by studies on

the SACROC Unit reservoir, since shale rock have porosities of around 10% and permeability

of 10-100 mD, ensuring that their sealing capacity can be maintained for decades [13].
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2.1.2 Challenges to overcome

CCS technology consists of three parts: capture, transport, and storage. Figure 2.3

describes the linear process that leads to store CO2 from its capture. In turn, these three

parts have their drawbacks, for which new alternatives are being developed to make these

tasks more effective.

Fig. 2.3.: Carbon capture, transport and storage. Courtesy of CO2CRC Ltd.

One of the main problems with CCS is that it is currently too expensive and energy-

intensive. The facilities, the supplies used to separate the materials, their consumption, and

maintenance involve considerable expenses [14]. The development of this technology will

depend on the costs of its implementation being relatively reasonable compared to the cost

of emitting CO2.

There are two ways to separate CO2 from the power plants: pre-combustion and post-

combustion. So far, the dominant CO2 capture process is solvent-based using mono-ethanol-

amine (MEA) as the solvent [7]. However, it is a complex process that consumes a lot of

energy, so researchers are focused on making the CO2 absorption more efficient, reducing

the energy demand, and obtaining more effective recycling of the amine solution.

The location of the CO2 separation site must be strategically chosen. Infrastructure costs

will depend on the amount of piping needed to transport the CO2 to the injection well

[15, 16]. CO2 transport is still relatively unexplored, but some aspects must be taken

into account: it is necessary to determine the phases through which CO2 can pass during
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transport (gas, liquid or supercritical). If it is mixed with an aqueous phase, the mixture

becomes corrosive. It must also be taken into account that this fluid may also have other

components (such as hydrocarbons, nitrogen, or oxygen).

Concerning the injection process and storage, there are two stages during which the

integrity of the system must be guaranteed. The first refers to the reservoir behaviour under

CO2 injection, and the second one to the long-term behaviour of the storage system.

During the injection stage, the temperature and pressure conditions of the reservoir must

be determined, as well as its stress state and possible existing faults. The properties of the

CO2 must also be estimated at the time of injection, and need to be monitored throughout

this stage. A massive injection of CO2 into an aquifer reservoir will alter the equilibrium of

the geochemical system composed of the porous rock and the formation water. Figure 2.4

shows the plume generated when CO2 is injected into the reservoir and the meniscus effect

produced between CO2 and water at the reservoir-caprock interface. This caprock must

resist the short-term excess injection pressure, and the long-term buoyancy pressure [17].

The dissolution of supercritical CO2 to the formation water will control the rate of dissolution

and precipitation of the minerals that constitute the porous rock.

Several problems may arise during injection, two of which are temperature gradients [18]

and induced seismic activity [19]. These effects change the stress states and can lead to

failure of the materials involved.

Fig. 2.4.: Plume generated by the injection process and CO2-water capillary meniscus at the
reservoir-caprock interface (after Espinoza et al. [17]).
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Predicting long-term behaviour is essential for the proper functioning and integrity

assessment of the geosystem.

An interesting aspect to study is the behaviour of the wellbore-caprock interface. Here

is where the higher heterogeneity is found, as reservoir rock, caprock, and cementation

are in contact. During drilling, the near-wellbore zone is damaged, and faults/fractures in

the caprock could provide leakage pathways for scCO2 to upper environments. To ensure

the long-term integrity of the storage, it is necessary to study the behaviour of this zone,

since the presence of artificial interfaces around wells and cracks due to the excavation

damaged zone (EDZ) allow carbonate water to seep in. This generates mineral precipitation

and possibly induces the evolution of cracks due to the concentration of tensile stresses.

Figure 2.5 shows the possible leakage along several interfaces and cracks.

Furthermore, Class G cement used in the oil industry is chemically unstable against CO2

and scCO2 [20]. It requires a high pH to remain in chemical equilibrium, while conditions

in CO2-bearing geological reservoirs create an acidic environment. This supercritical CO2 or

dissolved CO2 can react chemically with cement seals, creating potential leakage pathways

through the wellbores [21].

Fig. 2.5.: Diagram of possible leakage pathways through an abandoned well (after Gasda et al.
[22]).
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2.2 Oil well cement

2.2.1 Fundamental roles of cement in the oil and gas industry

The way to inject CO2 into a geological reservoir is to drill a well to the desired depth

and inject CO2 through it under pressure. However, this task requires the injection well to

be stable and safe. In practice, a steel pipe (called casing) is placed perfectly centered in

the wellbore. Cement slurry is pumped through the casing and placed between the casing

and the formation rocks during the well completion (Figure 2.6). This annular cement

sheath ensures stability, protects the casing against corrosion, and, most importantly, ensures

wellbore sealing and zonal isolation after the drilling fluids are removed.

The caprock formation is an impermeable barrier that covers the upper part of the

reservoir and prevents CO2 leakage to other geological formations. Along with the caprock,

the cement sheath constitutes the hydraulic barrier against CO2 leakage during injection

and after it is finished [22].

Caprock

Reservoir

Cement slurry

Casing

Drilling fluids

Fig. 2.6.: Schematic of a cementing operation (after Adjei et al. [23])
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Oil well cementing is a complex procedure in wellbore operations [24]. The cement must

ensure the oil well integrity and prevent links between formations [25, 26]. The slurry used

differs for each particular well condition, changing its additives and quantities as needed.

This cement mixture must meet a series of requirements according to Standards. It will

be subjected to several stress loadings throughout its life span. Different problems arise

during these stages, but the low tensile strength, cracks propagation of the set cement, and

its temperature resistance are essential properties to be optimized [27, 28]. Temperatures

in the various geological reservoirs (coal beds, deep saline aquifers, or depleted oil and gas

reservoirs) can vary depending on the depth at which they are found. The depth at which

the reservoir is located will also influence the determination of the pressures to which it is

subjected. In some reservoirs, the temperature can vary from 60 to 160 °C [29], being 90 °C

a value usually used by other authors testing oil well cement [30, 31, 32, 33].

Temperature, T
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Fig. 2.7.: CO2 phase diagram (after Zhang et al. [34]).

The hardened cement paste will then be in contact with the casing, rock formation

(caprock and reservoir), geological formation fluids, and injected gases. These interfaces

(cement-caprock, cement-reservoir rock, and cement-casing) will be subjected to CO2

throughout the injection process and the accumulation of the gas in the reservoir during

its lifetime. The integrity of the wellbore must be maintained against supercritical CO2

(scCO2) attack on the cement, especially at the cement-caprock-reservoir rock interface.

A supercritical fluid is at temperature and pressure above its critical point, as shown in

Figure 2.7. These fluids are characterized by diffusing like gas, but their density is higher

like that of a liquid.
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One of the problems with using cement to seal CO2 in geologic reservoirs is that ordinary

unmodified cement cannot withstand supercritical CO2 in contact with the hydrated products

of cement [35]. The chemical reactions induce cracks and potential CO2 escape pathways

to the surface or upper formations [36].

In the presence of CO2 in the reservoir rock, carbonation of the cementitious materials

starts from the external surface of the cement sheath. The process is intensified by the high

pressure and high-temperature conditions at reservoir depth (Figure 2.8). The carbonation

process affects the mechanical properties and permeability of the cement paste, and may

alter its role in ensuring zonal isolation [37].

Annular

cement

sheath

Steel 

casing

Rock 

formation

Fig. 2.8.: CO2 attack on cement sheath.

To understand these chemical reactions that can damage cement, it is necessary to identify

the composition of the Portland cement used for these operations.

2.2.2 Clinker production and chemical composition

The raw materials used for clinker production must contain calcium, silica, aluminum,

and iron. The Portland cement manufacturing process consists of finely grinding and mixing

the limestone and clay materials so that the calcium oxide (CaO) from the limestone and

the clay components (silica, alumina, and iron oxides) are adequately homogenized. These

materials are calcined at temperatures comprised between 1400 and 1600 °C, where they

melt. The resulting product is clinker. The oxides that are produced during this process are

summarized in Table 2.1.
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Component Nomenclature Formula
Lime C CaO
Silica S SiO2

Alumina A Al2O3
Iron F Fe2O3

Magnesium Oxide M MgO
Sulfuric Anhydride Ŝ SO3

Sodium Oxide N NaO
Potassium Oxide K K2O

Tab. 2.1.: Cement composition

The clinker is then allowed to cool and generates the main components of Portland

cement, the anhydrous products. There are also other oxides in smaller proportions, such as

magnesium, sodium or potassium oxides. Sodium and potassium oxides are jointly called

total equivalent alkalis. The main products are called alite (C3S), belite (C2S), celite (C3A)

and felite (C4AF). Their chemical formulation and approximate proportions within the

cement are listed in Table 2.2. The clinker is mixed with gypsum (about 5%) and then

ground to a certain fineness to obtain Portland cement, which is the final product.

Component Formula Abbreviation Proportion
Tricalcium silicate (alite) 3CaO.SiO2 C3S 40-60
Dicalcium silicate (belite) 2CaO.SiO3 C2S 20-30

Tricalcium aluminate (celite) 3CaO.Al2O3 C3A 8-15
Tetracalcium aluminoferrite (felite) 4CaO.Al2O3.Fe2O3 C4AF 4-13

Tab. 2.2.: Main components of anhydrous cement.

Regarding petroleum cements, the American Petroleum Institute (API) classified cement

into 8 classes (from A to H) corresponding to the different conditions to which the cement

may be subjected [38]. The most commonly used are class G and class H cements. Their

chemical composition is the same, but Class G cement is more finely ground. They can be

found in moderate (MSR) or high sulfate-resistant grade (HSR). Both cements must satisfy

a series of physical requirements according to the API in order to be approved for use, both

in terms of fluidity, and mechanical strength. The only difference between the two is that a

water to cement ratio of 0.44 is used with class G cement for these standards tests, while a

ratio of 0.38 is used for class H cement.

2.2.3 Cement hydration

When cement is mixed with water, it forms stable hydrated components that have the

property of adhering to each other, improving the mechanical properties of the cement as

the hydration process progresses.
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C3S is the most important component for obtaining higher initial strengths, being its

hydration rate high. Unlike C3S, C2S has a slow hydration rate [39]. Its low hydration

rate prevents its rapid development of strength, so its contribution becomes important over

longer time periods. The reaction of C3A with water is very fast and leads to immediate

hardening of the paste. To avoid this, gypsum (CaSO4 · 2H2O) is added to the cement

clinker, which decreases the solubility of C3A. C3A reduces the firing temperature of the

clinker and facilitates the combination of lime and silica; for this reason, C3A is useful in

the manufacture of cement. Nevertheless, it hardly contributes to strengthen it, except at

very early ages [40]. The iron in C4AF is of great importance as it favors the melting in the

clinker calcination stage. It is responsible for the greenish-gray color of Portland cements

[41]. It is a relatively inactive component that contributes little to cement strength. Its

hydration is rapid although less than that of C3A. The main alkaline materials are sodium

and potassium. The effects of alkalis on strength development are difficult to predict, as they

can increase compressive strength and can also be detrimental if they are in contact with

reactive aggregates. Therefore, the amount of these substances is usually small (<1%).

The volume of formed hydration products is less than the sum of the volumes of reacting

cement and water. Therefore, the hydration product does not completely fill the volume

available to it. This effect is called shrinkage. On the other hand, if the hydration process

continues, the new hydration products will fill more and more the available spaces. This

exothermic process causes the cement paste to increase in consistency over time and forms

a structure with mechanical and hydraulic properties. Cement hydration consists of 5

well-distinguished stages based on its heat release rate (Figure 2.9):

• Pre-induction period: It lasts only a few minutes, during and immediately after mixing.

This stage is greatly exothermic.

• Induction period: This period lasts until critical supersaturation is reached and the

first cement hydrates begin to precipitate, signaling the end of the induction period.

• Acceleration period: The acceleration is known as the setting period, representing the

interval of most rapid hydration. During the acceleration period, the hydration prod-

ucts precipitate and are deposited on the available water-filled space. The acceleration

period ends when the peak of heat release rate is reached.

• Deceleration period: The porosity of the system decreases as a consequence of hydrate

deposition. Eventually the transport of ions and water through the hydration products

network is hindered, and the rate of hydration slows down.

• Diffusion period: It can also be considered as within the deceleration period, and it

can last for years. The network of hydrated products becomes denser and denser, and

the process is controlled by diffusion.
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Fig. 2.9.: Cement hydration rate periods (after Vázquez et al. [42]).

After the induction period, heat release eventually resumes and the hydration rate of

C3S exceeds that of C2S by a wide margin. The hydration of C3S is mostly responsible

for the initiation of set and the development of initial strength, due to its abundance and

associated massive C-S-H gel formation. C2S hydration is significant only in terms of the

ultimate strength of the hardened cement. Aluminates are more reactive at short hydration

times. The hydration of C4AF is similar to that of C3A but much slower. Although their

abundance is considerably lower than silicates, they have a great influence on the rheology

of the cement slurry and the early strength developed in the cement set. Figure 2.10 shows

the heat release of the main components and the development of their strength.
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Fig. 2.10.: Strength and heat of hydration of the main cement components (after Niño Hernández
et al. [43]).

Silicate phases are the most abundant in cement, with C3S being the main one. The

silicates hydrate to form amorphous calcium silicate hydrate (C-S-H) and highly crystalline

calcium hydroxide (CH). C-S-H is the main component of hardened cement and comprises

approximately 70%, while CH is in proportions of 15 to 20%.
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The hydration reactions of C3S and C2S are shown in Equation 2.1 and Equation 2.2,

where x represents the C/S (calcium/silicate) ratio and y the H/S (water/silicate) ratio of

C-S-H [44].

C3S + (3− x+ y)H → Cx − S −Hy + (3− x)CH (2.1)

C2S + (2− x+ y)H → Cx − S −Hy + (2− x)CH (2.2)

The C/S content is usually set at 1.7, and H/S between 1.2 and 1.5. The value of y actually

depends on the drying conditions [45]. If we take y = 1.5, we can obtain Equation 2.3 and

Equation 2.4:

C3S + 2.8H → C1.7 − S −H1.5 + 1.3CH (2.3)

C2S + 1.8H → C1.7 − S −H1.5 + 0.3CH (2.4)

Hydration of C3A is controlled by adding 3 to 5 % gypsum (CŜH2) to the clinker before

grinding. On contact with water, part of the gypsum dissolves. The calcium ions and sulfate

released in solution react with the aluminate and hydroxyl ions are released from the C3A to

form calcium trisulfoaluminate hydrate (Equation 2.5), known as ettringite (AFt). Ettringite

forms crystalline needles that precipitate on the surface of C3A, hindering rapid hydration

[46]. Therefore, an "induction period" is artificially created. During this period, gypsum

is gradually consumed and ettringite continues precipitating. Finally, ettringite becomes

unstable and converts to a calcium monosulfoaluminate hydrate (AFm) (Equation 2.6).

2C3A+ 3CŜH2 + 26H → C6AS̄3H32 (2.5)

2C3A+ C6AS̄3H32 + 4H → 3C4AS̄H12 (2.6)

Any other non-hydrated C3A forms calcium aluminate hydrate as indicated in Equation 2.7.

Calcium aluminate hydrates are metastable and form hexagonal crystals. They are eventually

converted to a more stable cubic form, C3AH6 as shown in Equation 2.8. This reaction

occurs over several days at room temperature [39]:
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2C3A+ 27H → C2AH8 + C4AH19 (2.7)

C2AH8 + C4AH19 → 2C3AH6 + 15H (2.8)

The chemical reactions involving C4AF are similar, but some aluminum is replaced by iron

to form ferrite-ettringite. In turn, this phase also becomes unstable and converts to a phase

similar to monosulfoaluminate containing iron (3C4(A,F)S̄3H12).

C4AF + 3CŜH2 + 21H → C6 (A,F ) S̄3H32 + (F,A)H3 (2.9)

C4AF + C6 (A,F ) S̄3H32 + 7H → 3C4 (A,F ) S̄3H12 + (F,A)H3 (2.10)

The main components of portland cement are summarized in Table 2.3.

Component Formula Abbreviation
Calcium silicate hydrate xCaO-ySiO2-zH2O C-S-H
Calcium hydroxide Ca(OH)2 CH (portlandite)
Calcium trisulphoaluminate hydrated 3CaO Al2O3 3CaSO4 32H2O AFt (ettringite)
Calcium monosulphoaluminate hydrated 3CaO (Fe,Al)2O3 CaSO4 12H2O AFm

Tab. 2.3.: Main components of hydrated cement.

The secondary components of portland cement are summarized in Table 2.4. These

products amount to a very low percentage of the cement matrix, and they can be neglected

in some cases.

Component Formula Abbreviation
Magnesium hydroxide Mg(OH)2 MH
Calcium aluminate hydrate 4CaO Al2O3 13H2O C4AH13
Calcium trisulphoferrite hydrated 3CaO (Fe,Al)2O3 3CaSO4 32H2O AFt-(Fe)
Calcium monosulphoferrite hydrated 3CaO (Fe,Al)2O3 CaSO4 12H2O AFm-(Fe)

Tab. 2.4.: Secondary components of hydrated cement.

The anhydrous cement grains in the hydrated paste are a minority phase. Because of the

limited space available between the particles, the products generated during hydration tend

to crystallize around the cement particles. At prolonged ages, hydration of these particles

results in the formation of high-density hydration products, such as high-density C-S-H.
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2.2.4 API cement testing

Cement displaces drilling fluids during the cementing process to the top because cement

has a higher density (Figure 2.6). During this process, it is necessary to know the rheological

properties of cement for designing cementing operations and selecting equipment, and

techniques to complement well-completion practices [47]. These properties vary depending

on the type of cement used, the pressure in the wellbore and its temperature.

The API establishes the minimum conditions that anhydrous cement must meet before

being used in well cementing operations [38], reflected in the thickening time and free

fluid tests (Figure 2.11). These mixtures are made with a mixer standardized by the API.

The pumpability of cement is determined from the thickening-time test using a pressurized

consistometer, which establishes a maximum initial consistency, and an admissible range of

pumpability time, depending on a fixed temperature schedule. The free-fluid test allows the

stability of the slurry to be analyzed once cement is no longer pumped. For this, a sample

is conditioned in an atmospheric consistometer and then the sample is allowed to stand

for two hours. Later, the water that remains on top is collected and weighed. The volume

fraction for oil well cement classes G and H shall not exceed 5.9 %. For more detailed

rheological behaviour, viscosity tests can be performed with a standard viscometer [48].

Free fluid 

content

Cement

slurry

a. Wall thickness.

b. Outside diameter (at widest point)

Dimensions in millimeters

(a) (b) (c) (d)

Fig. 2.11.: (a) API mixer, (b) pressurized consistometer, (c) atmospheric consistometer and (d) free
fluid diagram.

Once the cement is in a hardened state, the sedimentation produced in a cement column

can be analyzed by cutting the column into equal parts and taking their weights. The smaller

the difference in density between the top and bottom, the more stable the sample has been

during the hardening process. These cements must also meet a minimum compressive

strength to be used in cementing operations. This topic will be developed in the next section

as an introduction to the results obtained later in this work.
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2.2.5 Mechanical properties of cement

Mechanical properties and microstructure are intimately related. The homogenization

models start from the cement microstructure considering its main components, such as

high and low densities C-S-H, CH, aluminates, and the remaining anhydrous cement [49].

However, porosity must also be considered in order to predict the effective mechanical and

physical properties via a multiscale process [50, 51].

In saturated conditions, the effective stress (σd) of a material is given by the Terza-

ghi equation subtracting the pore pressure (pf) from the total stress (σ). b is the Biot

coefficient.

σd = σ − bpf (2.11)

The theory of elasticity explains how a solid deforms as a function of external forces. A

material is in the elastic zone when the deformations are reversible, i.e. the material returns

to its initial configuration when the applied load is removed, meaning that there was no

energy dissipation during loading. Among the most used elastic properties are Young’s

modulus (E) and Poisson’s ratio (ν). The former is the slope of the straight line produced in

a stress-strain diagram in a quasi-static compression test. While the second indicates the

ratio between radial deformation (εtrans) and axial deformation (εlong), with values that

can typically range from 0.1 to 0.45 for rocks or cements. Under uniaxial compression, these

values are determined according to Equation 2.12.

E = σaxial
εlong

, ν = −εtrans
εlong

(2.12)

These two elastic parameters are sufficient to determine the stress-strain relationship of a

isotropic linear elastic material. Another relevant elastic parameter is the bulk modulus of a

material (K), which measures the volumetric stiffness, indicating the amount of pressure

required to cause a unit decrease in volume.

Cement is usually considered a poroelastic material, and its mechanical behaviour is

related to its microstructural properties. This behaviour will also depend on the type of

load applied and its duration, saturation level and pore size distribution within its matrix.

For these types of materials, different stiffness moduli can be defined under saturated

conditions. The variations of the total volume of a specimen (V ) and the pore volume (Vφ)

are given by the drained bulk modulus Kd and the modulus Kp (Equation 2.13) [52]. The

unjacketed modulus Ks is given by the variation of the volume of the specimen with respect

to the applied pressure, while the modulus Kφ is given by the variation of the pore volume
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evaluated from the quantity of fluid exchanged between the specimen and the pore pressure

generator [53].

1
Kd

= − 1
V

(
∂V

∂σd

)
pf

,
1
Kp

= − 1
Vφ

(
∂Vφ
∂σd

)
pf

(2.13)

1
Ks

= − 1
V

(
∂V

∂pf

)
σd

,
1
Kφ

= − 1
Vφ

(
∂Vφ
∂pf

)
σd

(2.14)

Kd becomes Ku if the specimen is not allowed to drain during the loading process. The

Biot coefficient can be determined from the modulus Kd and Ks, and from it the Skempton

coefficient could also be determined:

b = 1− Kd

Ks
, B = 1−Kd/Ku

b
(2.15)

Regarding the microstructure of the cement, it varies with curing conditions. It is

recommended to enable a constant supply of water to the cement during the curing process

so that it continues to hydrate and develop its microstructure. Curing temperature is an

important variable that substantially influences the development of its poromechanical

properties [54]. Figure 2.12 shows the strength development of a cement cured at 20 °C

and at 38 °C.
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Fig. 2.12.: Strength development as a function of curing temperature (results of cubic specimens of
class G cement.).
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At first, a cement cured at high temperature will develop higher strength than a cement

cured at low temperature. But at long curing times, the low-temperature cement will

outperform the high-temperature cement in strength [55, 56, 57], as the trend in Figure 2.12

shows.

Porosity decreases as curing time increases. In turn, capillary porosity increases with

higher curing temperatures [58]. Furthermore, temperature modifies the hydration products

of cement, generating denser C-S-H and katoite phases [54]. However, obtaining this denser

structure does not compensate for the loss of strength due to the increase in capillary

porosity [59]. The porosity development over time depends mainly on the water to cement

ratio and the curing conditions. Figure 2.13 shows that porosity decreases as the curing

temperature decreases. It also indicates that with a higher hydration degree, cement will

have lower porosity for a given curing temperature.
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Fig. 2.13.: (A) Porosity and incremental pore volume as a function of temperature after 28 days of
curing, (B) Variation of porosity and incremental pore volume as a function of time for

samples cured at 20 °C (after Bahafid [60]).
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2.2.6 Carbonation process

When injected in a geological reservoir, CO2 first dissolves in the aqueous phase, generat-

ing carbonic acid and reducing the pH of the phase. This carbonic acid (H2CO3) is unstable,

so most of it dissociates into bicarbonate ions (HCO3
-) and a small part into carbonate ions

(CO3
2-) in the pore solution, depending on the pH at the equilibrium:

CO2 +H2O ↔ H2CO3 ↔ H+ +HCO−3 ↔ 2H+ + CO2−
3 (2.16)

Geochemical studies of cement paste carbonation show that the advance of carbonic

acid through the paste mainly induces chemical reactions with the portlandite (CH) and

hydrated calcium silicates (C-S-H). The carbonation of saturated specimens is considered to

be a diffusion-dominated process [61]. These chemical reactions induce changes in porosity

and the mineral composition of the solid phase.

Both reactions lead to the precipitation of calcium carbonate (CaCO3) [62] in its various

forms: calcite, aragonite, or vaterite [63]. The first cement component to react with

dissolved CO2 is calcium hydroxide:

CH + CO2 → CaCO3 +H2O (2.17)

This reaction dissolves CH, reduces the equilibrium pH of the cement matrix, and leads to

the precipitation of CaCO3. The drop in pH then allows the C-S-H to be decalcified in contact

with CO2. Some works consider water release during carbonation [64, 65]. However, new

studies have demonstrated that C-S-H carbonation does not release it, and the only effects

are C-S-H decalcification and amorphous silica (AmSi) formation [66, 67]:

C − S −H + 1.7CO2 ↔ 1.7CaCO3 +AmSi (2.18)

Nevertheless, it has been found that dissolution of CH and C-S-H occurs simultaneously

[67, 68], even though thermodynamically, C-S-H should be dissolved after CH depletion

[69]. The formation of amorphous silica from C-S-H could increase porosity, depending

on the C-S-H structure [68], and may reduce the structural integrity of the cementitious

material.

Since C-S-H is the component with the most important influence on the cement mechanical

characteristics, its loss will reduce the mechanical properties and could compromise the

wellbore integrity, while the reduction of pH may induce corrosion of the steel casing.
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Furthermore, CaCO3 precipitated in a water acidified medium in the presence of CO2 is in

turn prone to dissolution (Figure 2.14) [70].

Fig. 2.14.: Migration of ions along carbonation and precipitation fronts. The chemical reactions in
the figure are given using industry notations. Ca(OH)2 is CH and porous silica is AmSi

(after Kutchko et al. [69]).

The pressure and temperature in the geological reservoirs considered for CO2 storage are

above the critical point for CO2 (31.6 °C and 7.3 MPa). These conditions result in a high

CO2 content per unit volume and a gas-like viscosity, and accelerate the carbonation process

of the cement. Thus, the carbonation front might not be stopped by the carbonate barrier

and continue its progression through the material. This barrier constituted by CaCO3 can

be dissolved by the CO2–rich environment surrounding the cement sheath, which would

increase its porosity again [32, 71, 72, 73]:

H+ +HCO−3 + CaCO3 → Ca2+ + 2HCO−3 (2.19)

This dissolution continues until thermodynamic equilibrium is reached [74], increasing

porosity, permeability, and reducing compressive strength [75]. The cement matrix, after

complete carbonation and degradation, may result in a porous medium of low resistance,
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unable to maintain the integrity of the borehole or its sealing ability against leakages towards

upper formations [76, 77].

The carbonation process and a brief summary of the evolution of cement components can

be seen in Figure 2.15. Cement carbonation produces a leaching front, which is characterized

by an increase in porosity, followed by a CaCO3 precipitation zone of low porosity [69], and

finally, near the exposed front, a degraded zone of low pH, high porosity, and low strength

is generated [71]. This front exposed to the high level of carbonic acid is capable of leaving

a zone of high porosity and only reinforced with silica gel. These fronts are of variable

penetration and thickness, depending on the cement curing conditions [78] and density

[79].
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Fig. 2.15.: Volumetric proportions of an elementary volume of the cementitious matrix (after
Bagheri et al. [80]).

The microscopic structure of an uncarbonated cement and a cement exposed to carbona-

tion can be observed in Figure 2.16 through an scanning electron microscopy. The image on

the left is a non-carbonated cement, while the image on the right is carbonated cement at

atmospheric pressure and 27 °C temperature. The brightest region corresponds to anhydrous

cement grains, light grey region corresponds to calcium hydroxide and C-S-H and black

colour represents pores. After carbonation, brighter products begin to appear, these are the

calcium carbonates that precipitate. It can also be observed that the zone is denser with the

precipitation of these products.
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Fig. 2.16.: (a) Uncarbonated cement (b) Carbonated cement (after Shah et al. [68]).

Experiments have been carried out to determine the behaviour while the hydration

process evolves, as well as the effects produced when supercritical carbonation is occurring.

These experiments can be under static conditions [81] or in a dynamic system [82, 83].

Furthermore, there are different states of supercritical carbonation to which a specimen can

be subjected:

• Supercritical carbon dioxide, at temperatures higher than 31 °C and pressures higher

than 7.38 MPa. [30, 84, 85]

• Supercritical carbon dioxide dissolved in brine. Brine is a salt solution containing little

or no suspended solids. [73, 86, 87, 88]

• Supercritical carbon dioxide dissolved in pure water. [89, 90, 91, 92]

• Supercritical carbon dioxide dissolved in acidified water. [82, 93, 94]

Kutchko et al. [84] performed experiments on Class H Portland cement with a w/c ratio

of 0.38 by subjecting it to curing and also carbonation under pressure and temperature

conditions representative of geostorage.

They analyzed two types of chemical aggressors: carbonated brine and wet scCO2. With

a scanning electron microscope (SEM) equipped with a backscattered electron imaging

detector (BSE) and energy dispersive spectroscopy (EDS) they were able to observe the

advance of the carbonation front within the mixtures. They were able to contemplate that

there is a difference in physical reaction of the cement using carbonated brine and scCO2.

In the case of aqueous aggressor, 4 zones can be observed in the cement (Figure 2.17),

which are the unaltered cement, the CH depleted zone, the CaCO3 barrier and the degraded

zone.
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Fig. 2.17.: Carbonation breakthrough in specimens subjected to carbonated brine (after Kutchko et
al. [69]).
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Fig. 2.18.: Carbonation breakthrough in specimens subjected to wet scCO2 (After Kutchko et al.
[69]).

The degraded zone is the one closest to the aggressive atmosphere where chemical

reactions are more advanced, so it is the most porous and has poor mechanical properties.

The CaCO3 barrier may advance towards the core of the cement paste depending on the

permeability of the CaCO3 barrier and CH depleted phases which may or may not block

the advance of the carbonate brine. Another question to determine is whether or not the

formation of CaCO3, depending on their crystalline phase, can induce tensile stresses within

the cement matrix and crack it, and allow the carbonated brine to pass through.

In contrast, cement exposed to scCO2 produced a slow penetration into the paste that did

not develop individual distinct alteration zones, this penetration is seen in Figure 2.18. This

may be due to the lack of water to diffuse ions out of the cement matrix. SEM-EDS revealed

that in these samples the CaCO3 precipitates in place and is not as dense compared to the

previous experience.

The difference between supercritical carbonation in brine, pure water or acidic water is

essentially the pH level of the solution. Barlet-Gouédard et al. [87, 73] showed that after

2 days of reaction with CO2-saturated brine, the alteration front was only a tenth of what

was observed in the reaction with CO2-pure water [89]. Finally, Duguid’s experiments [82]

showed that CO2 dissolved in water at very low pH significantly affects the structure of
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cement, with distinct observable fronts of various colors as shown in Figure 2.19. However,

here it is more difficult to separate the two effects of acid and carbonation.

Fig. 2.19.: Reaction zones for samples run with influent pH 2.4 (After Duguid et al. [82]).
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2.3 Bacterial nanocellulose (BNC)

2.3.1 Introduction

A polymer is a chemical compound in which the molecules are made up of long chains

in which a basic unit called a monomer is repeated. Each polymer has certain properties.

One polymer or another can be chosen depending on the properties required of a material

for a particular use. These polymers can be found naturally in the environment or can be

synthesized in laboratories.

Cellulose is a material found in nature: it is a renewable and degradable material, non-

toxic and therefore safe to use. It is also the most abundant biopolymer in nature and,

together with lignin, is one of the structural components of plants. Bacteria also produce

this material, which is composed of glucose units linked together by chemical bonds. This

material is composed of amorphous parts and of ordered crystalline parts. The crystalline

part has the shape of a rectangular prism, whose dimensions vary according to the source of

the cellulose [95]. Their length varies from 10 to 200 nanometers and the width is from 3

to 50 nanometers. When the amorphous parts of the cellulose are removed, the crystalline

parts remain, which, due to their arrangement, have very high mechanical properties.

These crystalline parts are called cellulose nanocrystals or nanocellulose, because they

have dimensions in the nanometer range [96]. There are three types of nanocellulose

depending on how it is produced; microfibrillated nanocellulose (MFC), nanocrystalline

cellulose (NCC), and bacterial nanocellulose (BNC).

2.3.2 BNC Characteristics

Bacterial nanocellulose is an environmentally friendly material [97] produced by several

bacteria types in different culture media. It is a bio-polymer non-soluble in aqueous solutions,

with high mechanical properties, and thermally resistant. For instance, Gatenholm et al.

[98] compares the mechanical strength with other polymers, such as polypropylene or

cellophane, and shows that BNC has a Young’s modulus between 4 and 10 times higher,

while the tensile strength is between 2 to 5 times higher on average.

In particular, Gluconacetobacter xylinus bacteria is one of the primary microbial producers

of this material (Figure 2.20), on which research is still ongoing [99], with essential advances

about bacterial cultivation [100, 101]. Bacterial nanocellulose has the same molecular

formula as plant cellulose, but it is different in its nanofiber architecture. Bacteria-produced
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ribbons normally show rectangular cross-sections with thicknesses around 3–10 nm., 30–100

nm in width, and 1–9 mm in length [102].

Nanocellulose

network

Bacteria

Fig. 2.20.: Gluconacetobacter xylinus bacteria and bacterial nanocellulose (after Cerrutti et al.
[103]).

New studies on the cost-effectiveness of culture media are making bacterial nanocellulose

production a significant subject of interest for industrial applications [104]. Recently, there

has been new methods of production of bacterial nanocellulose utilizing residues from the

wine industry and using corn steep liquor, which demonstrated a four-time higher yield

of this product in an inexpensive fermentation medium [103]. This increase in quantity

becomes significant after 21 days of incubation. Furthermore, its structure is more compact

and dense because it generates a more substantial number of branches that intertwine with

each other [105]. These denser nanocellulose fibers are obtained with nanometric widths in

the range of 18 to 57 nm and micrometers in length, thus obtaining a high specific surface

area material.

2.3.3 Feasibility of using nanocellulose as a cement additive

Additions to the cementitious mix, such as silica fume [106], epoxy resins [107] or latex

[108], are currently being studied to improve resistance to CO2 exposure. Nowadays, there

has been a growing interest in nanocellulose technology [109]. Nanocellulose has a back-

ground in reducing micro-cracking [110, 111]. Its addition to cement is very likely to induce

an increment in tensile strength and prevent the propagation of cracks caused by external

loads. There are three types of nanocellulose according to how it is produced: microfibril-

lated nanocellulose (MFC), nanocrystalline cellulose (NCC), and bacterial nanocellulose

(BNC).
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Several authors have proved that nanocellulose improves the mechanical and microstruc-

tural properties of cement-based components [101, 112]. These studies are mainly focused

on the research of microfibrillated nanocellulose (MFC) and nanocrystalline cellulose (NCC).

The properties that were improved were flexural and compressive strength, thermal perfor-

mance, degree of hydration, viscosity and water retention properties of cement [113, 114,

115, 116].

For example, Sun et al. [112] determined that the addition of cellulose nanofibers (CNF)

improved the tensile strength. He explains this by arguing that the addition of CNF is more

resistant to tensile strength than cement, so the strength of fiber reinforced composites

increases when the amount of CNF increases. In a subsequent work [117], they indicated

that compressive strength also increased. In this study, they determined the degree of cement

hydration with a thermogravimetric analysis (TGA). This technique consists of measuring

the mass of a sample over time as temperature is applied. Thus, it is possible to determine

at what temperature the hydration products of cement dissociate, and to determine their

quantity. They observed that the amount of portlandite and degree of hydration increased

as the amount of CNF increased Figure 2.21. Therefore, the addition of CNF could increase

the strength of the cement from its intrinsic mechanical characteristics and also from the

effect that these fibers produce in the cement hydration process.

Fig. 2.21.: Flexural strength and degree of hydration of cement for different CNF contents. (after
Sun et al. [112, 117]).

Nevertheless, there are few studies on the bacterial nanocellulose (BNC) [118, 119], and

there are no studies on carbonating BNC-containing cement under supercritical conditions.

Recently, BNC has been used to modify properties of the drilling fluids, enhance oil recovery

(EOR), and oil well cementing [120]. BNC is expected to have an effect on cement similar to

that of MFC and NCC. The use of BNC in cement mortars shows an improvement in flexural

and compressive strength [121]. Moreover, studies show that nanofibers act as bridges

over cracks creating reinforcement mechanisms as described in Figure 2.22, which prevents

crack propagation at the microestructural level [121, 122]. Overall, these benefits make
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this material to be considered as an admixture for cement-based materials [101, 123], and

also for other uses in the oil and gas industry [123, 124].

Cement particles
Cement pores
Nanocellulose (NC) bridges

Unmodified cement Moderate NC content High NC content

Fig. 2.22.: Schematic of the generation of bacterial nanocellulose network (NC) among cement
hydration products (after Hisseine et al. [125]).

The modification of cement to improve some properties is a subject of interest in the

cement wellbore industry. Evidence shows that nanocellulose can be used as a crack-inhibitor

to avoid cement damage and thus prevent CO2 leakage through the upper formations [110,

111]. Furthermore, nanocellulose can be considered as a potential additive to improve

cement properties, such as mechanical or thermal resistance, and to reduce transport

properties by reducing cement porosity [115, 126]. Low permeability is essential for oil

well cement in the context of CCS because it prevents or slows down the external supply of

CO2-bearing fluids. Any improvement in avoiding CO2 income could lead to a considerable

extension of cement durability.

Therefore, the study of bacterial nanocellulose as an additive for oil well class G cement

is an promising alternative to improve cement performance in petroleum engineering

applications, especially in the context of geological storage of CO2.
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3Materials and experimental methods

3.1 Introduction

This chapter is dedicated to the materials and methods used for the characterization of

class G cement paste with the addition of bacterial nanocellulose.

The materials section lists the components used in the cementitious mixture and explains

the preparation of the slurry.

The methods section details the tests performed on the slurry and hardened cement

paste. Free fluid and thickening-time tests were performed to characterize the slurry

with BNC. The mechanical behaviour of the hardened state was investigated through

the dynamical mechanical analysis (DMA), measurements of elastic ultrasound waves,

unconfined compressive strength (UCS) and triaxial experiments. The set up and operation

of the carbonation cell is also described in this section. The microstructure and crystalline

characterization were studied by means of thermogravimetric analysis (TGA), mercury

intrusion porosimetry (MIP), water porosity, scanning electron microscopy (SEM) and X-ray

diffraction (XRD).

3.2 Materials

Cement

The cement used in this study was class G API Portland Cement, provided by PCR S.A

(Petroquímica Comodoro Rivadavia S.A. - Argentina). The clinker and calcium sulfate

were dosed to satisfy the chemical requirements of the American Petroleum Institute (API)

Standard 10A for cement [38]: C3S 52.8%, C3A 1.6%, C2S 21.1% and C4AF 15.5%. To

obtain a high sulfate resistance grade, this cement is characterized by a very low aluminate

content compared to other types of cements. The chemical composition obtained by PCR

S.A. through X-ray fluorescence (XRF) is given in Table 3.1 and its Blaine specific surface is

367 m2/kg. The XRF system consists of an X-ray generator tube, collimators, crystals, and

beam detectors. The excitation of the atoms from the X-rays emits radiation that is detected

by the equipment, thus quantifying the chemical composition of the cement.
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Componente Value [%]
CaO 62.39
SiO2 21.23
MgO 2.22
Al2O3 3.84
Fe2O3 5.07
NaO 0.3
K2O 0.34

Tab. 3.1.: Class G cement composition.

Water

Fresh deionized water was used at a temperature of 23 °C ± 1 °C. This water does not

contain impurities of any kind and is suitable for its use because it does not affect the

properties in fresh or hardened state of cement.

Bacterial nanocellulose

Bacterial nanocellulose (BNC) is a polymer derived from cellulose obtained from the aerobic

fermentation of bacteria of the genus Gluconacetobacter as the primary extracellular metabo-

lite [109]. It was provided by the ITPN-CONICET in the form of a membrane in sealed jars

[103].

BNC membranes were wet-grounded to obtain the BNC additive. Then, the BNC-distilled

water mixture was conditioned in a 6.5 L Arcano ultrasonic bath with a frequency of 40,000

Hz for 30 min (Figure 3.1). This procedure breaks up the nanocellulose agglomerated fibers.

The use of the ultrasound technique improves the mechanical properties of the mixture by

dispersing the nanocellulose and generating a more homogeneous paste [127]. The BNC

proportion was determined by weighing three representative samples from the additive

before and after placing the samples inside an oven for 24 h. Free water was evaporated,

and the average quantity of BNC obtained was approximately 0.46% of the total weight.

The additive was sealed in glass jars and stored in a refrigerator. They were taken to room

temperature at the moment of use.

(a) (b) (c) (d)

Fig. 3.1.: (a) BNC in sealed jars, (b) BNC wet-grounded and mixed together with additional water,
(c) ultrasonic bath, and (d) BNC final additive.

34 Chapter 3 Materials and experimental methods



Superplasticizer

Superplasticizer was used in this work to give an adequate flow to the slurry once containing

the BNC. Due to the water retention properties of the BNC, the viscosity of the slurry

increases, which degrades its performance when BNC is incorporated.

The superplasticizer utilized was the ADVA 175 LN, a commercial product based on

polycarboxylates listed as a high performance water reducing additive, with a density of

1.06 g/cm3 [128]. The recommended dose for this type of superplasticizer varies between

0.4% and 1% by weight of cement (BWOC), but it depends on the type of cement utilized,

temperature, transportation time, and application conditions.

Slurry preparation

The slurry was mixed according to API specifications. A high-speed mixer with an API

standard blade type was used [38]. The mixing procedure consisted of 15 s at a rotation

speed of 4,000 ± 200 rpm, and then, 35 s at 12,000 ± 500 rpm. The cement was passed

through an ASTM No. 20 sieve. Each slurry was prepared with 792 ± 0.5 g of cement and

349 ± 0.5 g of distilled water at a temperature of 23 ± 1 °C, obtaining a water to cement

(w/c) ratio of 0.44, whatever the BNC content. The BNC additive already contains water, so

this amount of water must be taken into account. The amount of additional water to obtain

a w/c ratio of 0.44 by weight is calculated by:

WAD = WT −WBNC (3.1)

being: WT = total amount of water = 349 g; WBNC = BNC-distilled water; WAD =

water needed to reach WT .

The additive was first placed in the mixer. The extra water needed was later introduced

along with the superplasticizer in the mixer and it started with a rotation speed of 4.000 ±

200 RPM while the cement was added during the first 15 seconds. Then, the revolutions

were automatically raised to 12.000 ± 500 RPM for 35 seconds. The tests carried out were

for Portland cement (PC) and Portland cement with percentages of nanocellulose of 0.05%,

0.1%, 0.15% and 0.20% BWOC. Table 3.2 shows the cement dosages used.
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Reference Additive [g] BNC
[g]

WBNC
[g]

WAD
[g]

Total
water [g]

Cement
[g]

BNC
content

[%]
PC 0.00 0.00 0.00 349.00

349 792

0.00
BNC05 89.09 0.40 85.69 263.31 0.05
BNC10 172.17 0.79 171.38 177.62 0.10
BNC15 258.26 1.19 257.07 91.93 0.15
BNC20 342.80 1.58 341.22 7.78 0.20

Tab. 3.2.: Bacterial Nanocellulose content in cement paste.

To determine the effect of BNC on non-carbonated specimens, the slurry was poured into

standard cubic molds of 5 cm side following the API specifications (ASTM International,

1999). The slurry was compacted 27 times in two layers with a puddling rod. The molds were

placed in the curing chamber at a temperature of 20 ± 1 °C, and after 24 h inside the molds,

the specimens were removed and put under water saturated with limestone until testing.

The same procedure was followed to produce 38 mm x 100 mm cylindrical specimens for

carbonation. Two curing methods were considered for the cylindrical specimens.

A. Specimens cured for 28 days under water saturated with limestone. This method

provides information on cements cured under optimal conditions.

B. Specimens cured in a 90 °C batch, unmolded after 24 h and kept underwater for 48

h. Then, they were dried at 85 °C for 1 week. This method provides information on

cements cured under unfavorable conditions, simulating a dry curing after being 48

hours under water in the wellbore.

After setting, the top and bottom of the cylindrical specimen were cut with a diamond

wire saw to a geometry of 38 mm x 76 mm.

3.3 Experimental methods

3.3.1 Free fluid test

The free fluid or free water content is the volume of fluid that separates from the cement

slurry once the slurry remains at rest. PC and modified PC with BNC slurries were prepared

in accordance with the API Standard 10A [38]. After the high-speed mixing, the slurry

was placed in an atmospheric consistometer. The atmospheric consistometer consists of a

rotating cylindrical slurry container equipped with a stationary pallet system. The rotational

speed is 150 ± 15 RPM. The vessel was kept at a controlled temperature of 27 ± 2 °C in

an oil bath. After stirring the slurry for 20 min ± 30 s in the atmospheric consistometer,
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760 ± 5 g of slurry were transferred directly to a 0.5 L Erlenmeyer flask within 1 min of

completion of mixing. The flask was kept on an anti-vibration surface for 2 h, and the excess

liquid at the top was removed and measured with a pipette. The percentage of free liquid

was calculated using the following formula:

ϕ = VFF ∗ ρ
ms

× 100 (3.2)

where ϕ is the volume fraction of free fluid expressed as a percentage, VFF is the volume

collected with the pipette, ms is the mass of the slurry in grams and ρ is the density of

the slurry in g/cm3 which is associated with the cement density. The cement density was

obtained following the IRAM 1624 Standard: cement (64 g) was placed into a Le Chatelier

flask containing 0.5 cm3 of kerosene at room temperature of 20 ± 2 °C and relative humidity

50%. After removing the retained air, the final reading was measured after 150 ± 30 min.

The cement density obtained was 3.18 ± 0.01 g/cm3. The associated slurry density is 1.91

g/cm3. The performed tests are listed in Table 3.3.

Test Reference SP [%] BNC content [%]
1 FF-1 0.00 0.00
2 FF-2 0.10 0.00
3 FF-3 0.20 0.00
4 FF-4 0.30 0.00
5 FF-5 0.40 0.00
6 FF-6 0.50 0.00
7 FF-7 0.10 0.05
8 FF-8 0.25 0.05
9 FF-9 0.35 0.05

10 FF-10 0.40 0.05
11 FF-11 0.45 0.05

Tab. 3.3.: Free fluid experiments.

3.3.2 Thickening-time test

Cementing a wellbore requires a cement slurry capable of maintaining an adequate state

of pumpability under downhole conditions over a specific period of time. Thickening time

was determined with a high-temperature and high-pressure consistometer following the

API Specification 10A. The consistency of the slurry over time is measured in Bearden units

(BC).

The cement slurry was poured into a standardized container and stirred at a constant

speed. A ramp of temperature and pressure over time was applied to the system until

Bearden unit of consistency reached 100 BC for a specific time. This time is known as the
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thickening time of cement. The consistency should be less than 30 BC between 15 and 30

min after the beginning of the test to ensure adequate initial consistency. In the field, the

time to 100 Bearden units represents the amount of time cement remains pumpable under

well conditions. Bearden units are dimensionless, cannot be converted to any viscosity

unit, and can only be determined by the high pressure and temperature consistometer. The

performed tests are listed in Table 3.4.

Test Reference SP [%] BNC content [%]
1 CONS-1 0.00 0.00
2 CONS-2 0.05 0.05
3 CONS-3 0.15 0.05
4 CONS-4 0.30 0.05
5 CONS-5 0.35 0.05
6 CONS-6 0.40 0.05

Tab. 3.4.: Consistometry experiments.

3.3.3 Dynamical mechanical analysis (DMA)

Cement undergoes temperature variations during its life span when it is used as annular

protection for the wellbore. Cement is mechanically affected when a temperature increment

is applied to it.

In order to evaluate the thermo-mechanical properties of cement, a dynamic mechanical

analysis (DMA) was performed. DMA measures these properties as a function of time and

temperature while the material is subjected to a periodic oscillatory force [129]. In this

case, oscillatory bending stress was applied. The storage modulus (E′) is the stiffness of

the material and represents the capacity of the material to store the applied energy. The

loss modulus (E′′) is the capacity of the material to dissipate the applied energy and is also

related to the viscous response of the material [130]. The vector composition between the

storage modulus and loss modulus is the complex modulus (E∗). The angle formed by these

vectors is the mechanical damping factor of the material (δ) [131]. A material that can store

a large amount of applied energy will have a small angle δ (high elasticity).

The dynamic mechanical analysis was performed with a Perkin- Elmer DMA 8000 in-

strument using the three-point bending mode. The deformation imposed on each pulse

was 0.001 mm, with a pulse frequency of 1 Hz. The test began at room temperature and

increased until 200 °C with a constant rate of 2 °C/min. For each pulse, the storage modulus

was measured. A total of 20 samples of 3 mm × 9 mm × 30 mm were tested, four for each

nanocellulose percentage (0%; 0.05%; 0.1%; 0.15%; 0.20% BWOC). The performed tests

are listed in Table 3.5.
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Test Reference SP [%] Quantity Final temperature [°C]
1 DMA-00 0.00 4

200
2 DMA-05 0.05 4
3 DMA-10 0.10 4
4 DMA-15 0.15 4
5 DMA-20 0.20 4

Tab. 3.5.: DMA experiments.

3.3.4 Measurement of elastic ultrasound waves

A portable OLYMPUS EPOCH XT was used to allow P and S ultrasonic waves measurements

(UWM). Two transducers were placed on the top and bottom surfaces with a thin layer of

gel to ensure full contact between the specimen surfaces and the transducers. The time it

takes for the P and S elastic wave signals to travel through the specimen was measured

and divided by the length of the specimen. The dynamic shear and bulk moduli are then

calculated as follows:

G = ρV 2
S (3.3)

K = ρ

(
V 2
P −

4
3V

2
S

)
(3.4)

While the Young’s modulus and Poisson ratio are calculated by:

E = 9KG
3K +G

(3.5)

ν = 3K − 2G
6K + 2G (3.6)

The list of performed tests is shown in Table 3.6. All specimens were saturated before

testing. The references are UWM-W-XX-ZZ, where W is the curing method (A or B), XX is

the BNC percentage (0, 0.05 or 0.15%) and ZZ is the number of days under carbonation.

Test Specimen condition Reference Quantity BNC [%]
1

Non-carbonated
UWM-B-00-00 8 0.00

2 UWM-B-05-00 8 0.05
3

Carbonated

UWM-B-00-30 4 0.00
4 UWM-B-05-30 4 0.05
5 UWM-B-00-120 4 0.00
6 UWM-B-05-120 4 0.05

Tab. 3.6.: UWM on specimens cured at 90 °C.
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3.3.5 Unconfined compressive strength (UCS)

Cubic specimens

After mixing according to Section 3.2, the slurry was poured into standard cubic molds of 5

cm per side following the API specifications for the subsequent compressive strength tests

[132]. The molds were placed in the curing chamber at a temperature of 20 ± 1 °C, and

after 24 h inside the molds, the specimens were removed and put back inside the chamber.

Once the curing time had passed, the axial compression test was performed with planar

metal heads according to the API at a loading rate of 72 ± 7 kN/min (Figure 3.2).

(a) (b)

Fig. 3.2.: (a) API mixer (b) uniaxial compression test.

Test Reference Curing days Quantity BNC content [%]
1 UCS-00-01 1 3 0.00
2 UCS-05-01 1 3 0.05
3 UCS-10-01 1 3 0.10
4 UCS-15-01 1 3 0.15
5 UCS-20-01 1 3 0.20
6 UCS-00-07 7 3 0.00
7 UCS-05-07 7 3 0.05
8 UCS-10-07 7 3 0.10
9 UCS-15-07 7 3 0.15
10 UCS-20-07 7 3 0.20
11 UCS-00-28 28 3 0.00
12 UCS-05-28 28 3 0.05
13 UCS-10-28 28 3 0.10
14 UCS-15-28 28 3 0.15
15 UCS-20-28 28 3 0.20

Tab. 3.7.: UCS experiments on cubic specimens.

The tests were performed using bacterial nanocellulose with percentages of 0.05%, 0.10%,

0.15%, and 0.20%, with adequate percentages of SP to obtain workability. Specimens were
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cured for 1, 7 and 28 days to know the evolution over time of the compressive strength. The

results are obtained from an average of 3 specimens for each percentage of BNC used. The

absolute variation from the average was considered for the analysis. Table 3.7 shows the

tested specimens. The references are UCS-XX-YY, where XX is the BNC percentage (0, 0.05

or 0.15%) and YY is the number of days of curing.

Cylindrical specimens

Unconfined compression tests were performed on a 100 kN testing machine with a loading

rate of 0.5 mm/min. Vertical displacement and applied force were monitored during the

compression tests. The compressive strength and Young’s modulus were calculated for all

specimens. The averages of strength values and Young’s modulus were calculated from 3

specimens. Table 3.8 shows the specimens tested. The references are UCS-W-XX-ZZ, where

W is the curing method (A or B), XX is the BNC percentage (0, 0.05 or 0.15%) and ZZ is the

number of days under carbonation.

Test Reference Quantity Curing method Carbonation days BNC [%]
1 UCS-A-00-00 3

A

0
0.00

2 UCS-A-05-00 3 0.05
3 UCS-A-15-00 3 0.15
4 UCS-A-00-30 3

30
0.00

5 UCS-A-05-30 3 0.05
6 UCS-A-15-30 3 0.15
7 UCS-A-00-120 3

120
0.00

8 UCS-A-05-120 3 0.05
9 UCS-A-15-120 3 0.15
10 UCS-B-00-00 3

B

0
0.00

11 UCS-B-05-00 3 0.05
12 UCS-B-00-30 3

30
0.00

13 UCS-B-05-30 3 0.05
14 UCS-B-00-120 3

120
0.00

15 UCS-B-05-120 3 0.05
Tab. 3.8.: UCS experiments on cylindrical specimens.

3.3.6 Triaxial experiments

Triaxial tests were performed in cement specimens to determine the mechanical properties

at different confinement conditions, simulating underground conditions.

Cylindrical cement specimens of 38 mm of diameter and 78 mm height were placed

inside a neoprene membrane. Two linear variable differential transformers (LVDT) were

positioned in the axial direction and four in a radial direction touching a thin aluminum

sheet glued to four radial pierced holes in the membrane. This aluminum plate is in contact

with the specimen and accompanies its deformation. The LVDT’s are not positioned directly
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on the membrane because it is less rigid than aluminum and the readings taken would be

influenced by its deformation.

Metallic porous disks were placed on the top and bottom of the specimen to allow a

homogeneous pore pressure distribution. Pore pressure, confinement pressure and deviatoric

loading were measured by electronic transducers and controlled by a software linked to

hydraulic pumps.

The performed tests were:

• Undrained isotropic tests

• Drained isotropic tests

• Triaxial compression tests

The specimen was vacuumed by an air pump connected to the pore pressure pipelines

and the confinement cell was filled with oil at a pressure of 0.8 MPa. Once the cell was

filled, the confinement pressure was increased up to 2 MPa and both pore pressures were

increased to 1 MPa. As the vacuum partially dried the specimen, a saturation condition was

maintained during 3 days before testing.

The isotropic tests were performed with initial confining values ranging from 5 to 30 MPa.

The isotropic load increases to a certain value and then decreases to the initial value. The

bulk modulus of the specimen is measured from the load curve. In the undrained isotropic

test, the pore pressure exit valve is closed, preventing mass exchange. The loading rate was

0.1 MPa/min. In this case, the increase in pore pressure within the specimen is measured

through pressure sensors. For the drained isotropic test, the confinement pressure and

pore pressure were set at an initial value. The pore pressure valves were open and the

confinement pressure was increased. The loading rate was 0.02 MPa/min. Under these

conditions, the pore pressure was maintained at the same value and the volumetric strains

increments were measured. This slow loading rate allows pore pressure to dissipate and

avoids pressure jumps.

The triaxial compression test consists of applying a confining pressure σ3 and then

applying a deviatoric load q (q = σ1 − σ3) until failure. The test was performed under

undrained conditions for non-carbonated specimens. The deviatoric load is applied after

reaching desired initial values of confinement and pore pressures. The loading rate used

was 0.5 MPa/min. Once the deviatoric pump flow rate was known to obtain this velocity,

the load mode was changed to strain-controlled with a constant flow rate for safety to avoid

large load increases if the specimen failed. Pore pressure variation (p), deviatoric stress (q),

axial strain (εlong) and radial strain (εtrans) were measured.
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The parameters obtained during triaxials tests were: undrained bulk modulus (Ku),

drained bulk modulus (Kd), Skempton coefficient (B), Young’s modulus (E) and Poisson

ratio (ν). The performed tests are listed in Table 3.9.

Test Reference Quantity Loading path BNC content [%]
1 KD-00 3

Isotropic drained test
0.00

2 KD-05 3 0.05
3 KU-00 4

Isotropic undrained test
0.00

4 KU-05 6 0.05
4 KU-15 1 0.15
5 DEV-00-U 2

Deviatoric undrained test
0.00

6 DEV-05-U 1 0.05
7 DEV-15-U 1 0.15

Tab. 3.9.: Triaxial experiments.

3.3.7 Supercritical carbonation test

The carbonation tests were carried out in a titanium vessel of 16 cm inner diameter

and 20 cm high, under static conditions. Neat and BNC-modified cement samples were

carbonated under wet supercritical CO2 at 20 MPa and 90 °C, for 30 days and 120 days.

Before carbonation, the container with the specimens under water was placed inside a

vacuum vessel for removing the air bubbles possibly trapped inside the specimens. The set

up of the equipment was as follows:

The saturated specimens were identified, measured, weighed, and placed on a container

grid. A water layer was poured at the bottom of the vessel for maintaining humidity (500

ml). One o-ring was positioned on the top part of the vessel to prevent pressure leakage

when the device was assembled. A safety valve of 23 MPa was installed on the top of the

cell. The grid was placed inside the cell, avoiding contact between the samples and the

water layer. The cell was then sealed and connected to the CO2 pressure line, equipped

with a manometer. CO2 pressure was increased until 8 MPa. The heating system was

turned on until 90 °C and the pressure regulated at 20 MPa with the leak valve, removing

the remaining air at the top of the vessel. Once the desired pressure and temperature

were reached, they were maintained throughout the entire test in static conditions. This

process allowed the water to remain liquid. In contrast, the CO2 went from a gaseous state,

then liquid, and finally to a supercritical state when the pressure reached 7.4 MPa and the

temperature 31.6 °C. These conditions allow the samples to remain saturated and CO2 to

penetrate by diffusion. The ratio of specimens-volume/vessel-volume was 0.38, and the

ratio of specimen-volume/CO2-volume was 0.79. A diagram of the carbonation system is

presented in Figure 3.3.
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Fig. 3.3.: Carbonation system

To remove the samples, the heating system was first turned off, and temperature was

allowed to drop to ambient temperature. The pressure was slowly released for two hours

until it dropped to atmospheric pressure. The top lid of the vessel was separated and the grid

was removed from the interior. The specimens were recovered, weighed, and photographed.

The pH level was measured after carbonation.

In the first stage, a total of 18 specimens were carbonated for 30 days, of which, 6 were

neat cement paste (PC), 6 had bacterial nanocellulose content of 0.05% (BNC05), and 6 of

0.15% (BNC15). Another group of 18 samples with the same percentages as before was

placed inside the cell for 120 days. All these samples were cured at 20 °C.

In a second stage, a total of 16 samples were carbonated for 30 days, of which, 8 were neat

cement paste (PC) and 8 had bacterial nanocellulose content of 0.05% (BNC05). Another

group of 16 samples with the same percentages as before was placed inside the cell for 120

days. All these samples were cured at 90 °C.

After carbonation, 3 samples of each BNC percentage were used for compressive strength

tests and one for traxial test. The other samples were cut radially and longitudinally to see

the penetration depth for the different cement types and to perform the microstructural

analysis. The performed tests are listed in Table 3.10. The references are W-XX-ZZ, where W

is the curing method (A or B), XX is the BNC percentage (0, 0.05 or 0.15%) and ZZ is the

number of days under carbonation.
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Test Reference Quantity BNC [%]
Curing
method

Carbonation
conditions

I 30 days
A-00-30 6 0.00

A
Static – No fluid flow
Cell temperature: 90 °C
Cell pressure: 20 MPa

A-05-30 6 0.05
A-15-30 6 0.15

I 120 days
A-00-120 6 0.00
A-05-120 6 0.05
A-15-120 6 0.15

II 30 days
B-00-30 8 0.00

B
B-05-30 8 0.05

II 120 days
B-00-120 8 0.00
B-05-120 8 0.05

Tab. 3.10.: Carbonation experiments.

3.3.8 Thermogravimetric analysis (TGA)

Cement is a porous multi-phasic material whose main components are hydrated calcium

silicate, calcium hydroxide, and calcium aluminate hydrates. When comparing two different

cement types of the same age, the calculation of the hydration degree is useful. It estimates

the amount of anhydrous cement that has reacted with water to form the cement hydrates.

The determination of non-evaporable water, calcium hydroxide (CH), calcium carbonates

(CC̄) and hydration degree (DOH) was carried out by the technique of thermogravimetric

analysis. The TGA-50 Shimadzu equipment consists of a precision balance, where the sample

is placed inside a platinum tray in a nitrogen atmosphere and a furnace that is programmed

to increase the temperature at a constant heating rate of 10 °C/ min.

A total of five non-carbonated samples were crushed and analyzed, one for each per-

centage of nanocellulose (0%; 0.05%; 0.10%; 0.15%; 0.20% BWOC). Four PC and BNC05

samples taken from the core and near the surface exposed to carbonation were also analyzed.

Each sample had an approximate weight of 0.008 g. The powdered material was dried at

110 °C for 24 h to remove free water [133]. The portlandite content is obtained with the

technique proposed by [112]:

CHcontent[%] = MCH

MH2O
×WLCH (3.7)

The calcite content is obtained in the same way:

CC̄content[%] = MCC̄

MCO2
×WLCC̄ (3.8)

where WLCH or WLCC̄ are the percentage of weight loss during the test. MCH , MH2O,

MCC̄ and MCO2 are the molar mass of CH, H2O, CC̄ and CO2, respectively.
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The degree of hydration (DOH) is determined by relating chemically bound water (CBW)

burned to the maximum CBW burned for cement. The maximum CBW value in ordinary

cement is 0.23 g of bound water per g of a burned sample [134]. Therefore, the percentage

value of the DOH can be calculated as the weight of CBW burned between 140 °C (W140)

and the final temperature (WF ):

DOH = W140 −WF

WF × 0.23 × 100 (3.9)

The performed tests are listed in Table 3.11 and Table 3.12.

Test Reference BNC [%] Final temperature [°C]
1 TGA-00 0.00

800
2 TGA-05 0.05
3 TGA-10 0.10
4 TGA-15 0.15
5 TGA-20 0.20

Tab. 3.11.: TGA experiments on non-carbonated samples.

Test Reference BNC [%] Final temperature [°C]
1 TGA-00-INT 0.00

1200
2 TGA-00-EXT 0.05
3 TGA-05-INT 0.00
4 TGA-05-EXT 0.05

Tab. 3.12.: TGA experiments on carbonated samples.

3.3.9 Mercury intrusion porosimetry (MIP)

The MIP allows to characterize the pore structure of a sample in terms of porosity and

pore size distribution. Mercury is a non-wetting fluid that can enter the pore structure of the

cement when an external pressure is applied. The basic assumption to interpret MIP data is

that pores are cylindrical and interconnected, thus allowing a simple calculation through

the Jurin or Washburn equation:

p = −4Υcos (θ)
d

(3.10)

where Υ = mercury surface tension = 0.485 N/m, θ = mercury contact angle = 130°, p =

mercury pressure, d = pore diameter [135]. This relation permits to calculate a particular

pore entry diameter for each pressure step applied. According to the amount of mercury

that penetrated the sample, it is then possible to calculate the total capillary porosity and
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the pore size distribution. However, the technique does not allow the characterization of

isolated pores.

Before the MIP tests, the samples were dried by the freeze-drying method. This method

was performed by immersing 1 cm-side cubic samples in liquid nitrogen for 5 minutes,

lowering the pressure and vacuuming for 24 h (more details are available in [136]). Samples

were then removed and kept sealed in containers with silica-gel to prevent rehydration until

the MIP test was performed. The equipment utilized was a Micromeritics AutoPore IV 9500

with a maximum pressure of 230 MPa. The list of tests carried out is given in Table 3.13 and

Table 3.14. All non-carbonated MIP samples were taken from a representative zone near the

core. In the case of the carbonated cement, samples were taken near the core and near the

outer rim. The references are MIP-W-XX-ZZ, where W is the curing method (A or B), XX is

the BNC percentage (0, 0.05 or 0.15%), and ZZ is the number of days under carbonation.

Samples taken from the core are denoted as INT, and from near the outer rim are denoted

as EXT.

Test Sample condition Reference Quantity BNC [%]
1

Non-carbonated
MIP-A-00 3 0.00

2 MIP-A-05 3 0.05
3 MIP-A-15 3 0.15
4

Carbonated

MIP-A-00-30-EXT 2 0.00
5 MIP-A-05-30-EXT 3 0.05
6 MIP-A-15-30-EXT 2 0.15
7 MIP-A-00-120-INT 2 0.00
8 MIP-A-00-120-EXT 3 0.00
9 MIP-A-05-120-INT 2 0.05
10 MIP-A-05-120-EXT 3 0.05
11 MIP-A-15-120-INT 2 0.15
12 MIP-A-15-120-EXT 3 0.15

Tab. 3.13.: MIP experiments on samples cured at 20 °C.

Test Sample condition Reference Quantity BNC [%]
1

Non-carbonated
MIP-B-00 3 0.00

2 MIP-B-05 2 0.05
3

Carbonated

MIP-B-00-30-INT 2 0.00
4 MIP-B-00-30-EXT 2 0.00
5 MIP-B-05-30-INT 2 0.05
6 MIP-B-05-30-EXT 2 0.05
7 MIP-B-00-120-INT 2 0.00
8 MIP-B-00-120-EXT 2 0.00
9 MIP-B-05-120-INT 2 0.05

10 MIP-B-05-120-EXT 2 0.05
Tab. 3.14.: MIP experiments on samples cured at 90 °C.
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3.3.10 Water porosity

Cement is a complex multiscale porous material with pore sizes ranging from some

nanometers to some micrometers. For the sake of simplification, capillary porosity (pore

size higher than 0.010 µm) is separated from gel porosity (pore size less than 0.010 µm)

[137]. The sum of both porosities gives the total porosity of cement.

Total porosity was estimated as the porosity measured by weighing before and after drying

small saturated samples in an oven at 105 °C for 24 h [138]. It is worth noting that these

values overestimate the real total porosity since interlayered water is partially evaporated

during this process and the C-S-H structure will be modified. The performed tests are listed

in Table 3.15 and Table 3.16. The references are WP-XX-ZZ, where XX is the BNC percentage

(0, 0.05 or 0.15%) and ZZ is the number of days under carbonation. Samples from near

the outer rim are denoted as EXT, while for the 120-day carbonate cements, samples were

taken from 4 different zones.

Test Sample condition Reference Quantity BNC [%]
1

Non-carbonated
WP-00-00 3 0.00

2 WP-05-00 3 0.05
3 WP-15-00 3 0.15
4

Carbonated

WP-00-30-EXT 3 0.00
5 WP-05-30-EXT 3 0.05
6 WP-15-30-EXT 3 0.15
7 WP-00-120-Zone1-2-3-4 4x2 0.00
8 WP-05-120-Zone1-2-3-4 4x2 0.05
9 WP-15-120-Zone1-2-3-4 4x2 0.15

Tab. 3.15.: Water porosity test on samples cured at 20 °C.

Test Sample condition Reference Quantity BNC [%]
1

Non-carbonated
WP-00-00 4 0.00

2 WP-05-00 4 0.05
3

Carbonated

WP-00-120-INT 3 0.00
4 WP-00-120-EXT 6 0.00
5 WP-05-120-INT 3 0.05
6 WP-05-120-EXT 6 0.05

Tab. 3.16.: Water porosity test on samples cured at 90 °C.

3.3.11 Scanning electron microscopy (SEM)

The microscope FE-SEM Σ used has a Schottky field emission electron cannon optimized

to work at high and low currents. It also has secondary and back-scattered electron detectors

which allow the simultaneous collection of topographic and chemical contrast information.
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The joint optical system allows views with magnifications from 12 X to 500,000 X. The

accelerating voltage can be varied between 0.1 kV and 30 kV in 100 V steps. SEM samples

were metallized with chromium to make them conductive and placed under vacuum. The

maximum resolution of the images is 3072×2304 pixels at 24 bits, and they can be presented

in multiple frames, allowing the simultaneous recording of images acquired with different

detectors.

3.3.12 X-ray diffraction (XRD)

XRD analysis was performed on a Philips 3020 diffractometer using CuKα radiation with

a Ni-filter (35 kV, 40 mA). Scanning was performed between 3° and 70° 2θ, with a step

of 0.04° and a count time of 2 s/step. No monochromator was used, and openings were

1° for divergence, 0.2° for the reception, and 1° for dispersion. The identification of the

mineral phases in the material was performed using the X’Pert High Score program. For

identification and quantification, the procedures described by Moore and Reynolds [139]

were followed, while quantification was based on the work of Biscaye [140]. The references

are XRD-W-XX-ZZ, where W is the curing method (A or B), XX is the BNC percentage (0,

0.05 or 0.15%) and ZZ is the number of days under carbonation. Samples taken from the

core are denoted as INT, and from near the outer rim are denoted as EXT. The performed

tests are listed in Table 3.17 and Table 3.18.

Test Sample condition Reference BNC [%]
1

Non-carbonated
XRD-A-00 0.00

2 XRD-A-15 0.15
3

Carbonated

XRD-A-00-120-INT 0.00
4 XRD-A-00-120-EXT 0.00
5 XRD-A-15-120-INT 0.15
6 XRD-A-15-120-EXT 0.15

Tab. 3.17.: XRD tests on samples cured at 20 °C.

Test Sample condition Reference BNC [%]
1

Non-carbonated
XRD-B-00 0.00

2 XRD-B-05 0.05
3

Carbonated
XRD-B-00-30 0.00

4 XRD-B-05-30 0.05
Tab. 3.18.: XRD tests on samples cured at 90 °C.
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4Results and Discussion

4.1 Introduction

This section deals with the discussion of the experimental results on cement containing

bacterial nanocellulose. The results are separated into 3 subsections. The first shows the

effects of bacterial nanocellulose on cement in the fresh and hardened state. The second

one presents the effects on mechanical strength and microstructure due to supercritical

carbonation. And the last one shows the variation in the performance that can be obtained

in these modified cements if the curing conditions are unfavorable.

4.2 Effect of bacterial nanocellulose on non-carbonated
cement

4.2.1 Free fluid test

Once the oil well-cementing procedure is completed, the cement slurry is required to

keep the cement solids in suspension in the early and middle hydration periods. If the slurry

stability increases, it helps in preventing fluid breakout. This effect of fluid breakout is

usually accompanied by longitudinal fluid channeling, which allows gas migration [141, 39,

142]. If the free-fluid content of the slurry is lower, lower will be the risk of having a fluid

breakout.

Figure 4.1 shows the evolution of the free fluid content of Portland cement (PC) and PC +

0.05% BNC slurries with the addition of SP. PC slurry shows 1.89% of free fluid content, as

determined by Equation 3.2. For slurries without nanocellulose addition, the free fluid is

reduced by 5% and 36% for PC + 0.10% SP and PC + 0.30% SP, respectively. The results

show a clear decreasing trend of the free fluid content of the PC slurries with the addition

of SP. However, large amounts of these additions will allow more air bubbles to enter into

the cement paste, thus increasing cement porosity and decreasing long-term mechanical

properties and durability. The reduction in the free fluid with SP has been already studied,

and the stabilization in the slurry occurs because of the content of polycarboxylates which

chemically modifies the behaviour of the cement in the fresh state [143].
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Fig. 4.1.: Free fluid content for different percentages of superplasticizer for Portland Cement (PC)
and PC + 0.05% BNC.

A similar trend is observed for slurries with the addition of 0.05% of BNC. The free fluid

is significantly reduced by the addition of the BNC for a given SP value, as is shown in

Figure 4.1. For the addition of 0.10% SP, the free fluid observed in PC + 0.05 %BNC slurry

is reduced by 76% in comparison with the PC slurry. This gap decreases as the amount of

SP increases. For instance, the free fluid content of samples with 0.05 %BNC is reduced by

52% in comparison with the PC slurry for the addition of 0.35% SP. Thereby, ensuring that

the limitations and correct doses of SP are critical.

Results for the cement slurries modified with BNC might be explained by the water

retention capacity of the BNC fibers [114]. Water adheres to the surface of BNC fibers,

which thickens the slurry [144]. We can see in previous studies that no water can be

extracted if the quantity of nanocellulose applied is excessive [126]. Results show that when

using both nanocellulose and superplasticizer, the slurry stability increases, which helps to

prevent a fluid breakout.
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4.2.2 Thickening-time test

During wellbore cementing operations, if the cement slurry maintains a liquid state for

a short time, the constant pumping will damage the cementitious structure generated by

its initial setting. On the other hand, if the liquid state is maintained for a long time,

it may delay the commissioning of the well. With the addition of BNC to the cement

slurry, an increase in the yield stress is observed [126, 112]. However, there is no clear

understanding of the dynamic behaviour of the modified slurry concerning temperature

changes. In order to observe the rheological behaviour under temperature and pressure of

the cement modified with BNC, consistometry tests were performed on PC and cement with

the addition of 0.05% BNC. The initial consistency and the thickening time were evaluated

for different percentages of SP to obtain slurry workability similar to PC. The results are

shown in Table 4.1.

Test BNC[%] SP[%] Initial consistency [Bearden] Thickening time [min]
1 0.00 0 15 99
2

0.05

0.05 Excessively viscous -
3 0.15 Excessively viscous -
4 0.30 Excessively viscous -
5 0.35 32 99
6 0.40 12 126

Tab. 4.1.: Consistometry tests.

Three different tests are shown in Figure 4.2: tests 1 (Portland cement), 5 and 6 (Slurry

with 0.05% BNC). Consistencies are shown along the Y-axis versus time along the X-axis.

Test 1 describes the ordinary curve for unmodified class G oil-well cement. In the cases

of BNC-modified slurries, with additions of SP less than 0.30%, samples quickly become

very viscous, reducing workability with consistency values above the tolerable value (30

Bc). This behaviour is different from other polymers. For instance, it has been found that a

natural cellulose polymer increases thickening time [145]. In that experiment the natural

cellulose polymer acted as a retarding agent, allowing the slurry to remain in a liquid state.

In our case, BNC acts like a water retainer, adsorbing water, and reducing its availability

for workability. This effect reduces the initial cement hydration, but at the same time, it

considerably increases consistency in Bearden units, reducing thickening time. BNC fibers

have a width ranging between 18 and 57 nm and micrometers in length [103], which leads

to a specific surface area varying between 150 and 250 m2/g [146]. Hence, the water

employed for cement workability is now reduced to wet this new surface. The addition of

0.10% of BNC considerably increases the yield stress [126], while an increment of 0.40%

leads to a cement paste that is impossible to flow.
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The consistency of BNC-modified slurries with 0.35% SP additions approximates the

behaviour of PC. Despite this behaviour being erratic through time, the final thickening time

is similar to the reference cement. However, these BNC-modified slurries with SP additions

of 0.35% have an initial consistency higher than the PC slurry, due to a higher initial yield

stress. On the other hand, the modified slurries with additions of 0.40% present a smaller

initial consistency, and their thickening time is 25 min longer than those observed for the

PC and modified slurries with SP additions of 0.35%. This effect is caused by the SP, which

makes the mixture more fluid, needing more time to thicken. Larger quantities of SP reduce

the initiation of the hydration reaction and the precipitation of solid cement particles during

the first hours, allowing the sample to remain in a liquid state for longer.
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Fig. 4.2.: Consistometry test for Portland Cement (PC), slurry with 0.05% of BNC + 0.35% SP, and
slurry with 0.05% BNC + 0.40% SP.

4.2.3 Dynamical mechanical analysis (DMA)

Stiffness of the material is calculated from the deformation under load. The storage

modulus E′ is a function of the elastic properties of the samples, and it is analogous to the

static modulus of elasticity or Young’s Modulus.

The values obtained by the DMA results of the storage modulus are observed on a

logarithmic scale in Figure 4.3. This modulus is reduced when temperature increases.

Samples with 0.15% and 0.20% of BNC maintain higher stiffness magnitudes than PC

samples from 20 °C to 200 °C, while 0.05% of BNC has lower values throughout the
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test. Observable effects of BNC addition on elastic properties are maintained, while the

temperature is rising in the medium, which is attributable to its thermal stability up to 350

°C [126]. The reduction of the stiffness (E′ values) during the first stage until 110 °C is

due to dehydration of the free adsorbed water and some interlayered water [147] which

initiates micro-cracking within the sample [148].
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Fig. 4.3.: DMA results of Portland Cement (PC) and PC modified with BNC at 0.05%, 0.10%, 0.15%
and 0.20% BWOC samples cured for 28 days.

In Figure 4.4, we normalized the storage moduli to their initial values. The normalized

storage modulus is obtained by dividing the modulus measured at a certain temperature

(Ti) by its initial value (at T0) for each tested sample. An important drop is observed

between 110 and 140 °C, where cement samples lose between 50% and 80% of their storage

modulus. This drop can be explained by water evaporation from the samples and by C-S-H

dehydration, starting at approximately 110 °C [149]. The dehydration begins to degrade

the properties of the cementitious matrix because the water acts as a stabilizer of the C-S-H

structure. Here, cement with 0.15% of BNC has a better performance than PC and cement

modified with 0.05% or 0.20% of BNC. These samples are the most stable mixtures, because

that quantity is more distributed in the sample. For the other samples, dehydration is more

rapidly accompanied by a collapse of the C-S-H structure. Thus, the presence of more

sliding sites in the C-S-H structure increases the damping factor [150], and it should also

be mentioned that tan δ and E′ act in opposite directions in cement-based materials [151],

i.e. when the elasticity of the specimen decreases, the damping increases, consequently
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decreasing more quickly the value of E′ with temperature. At 130 °C, PC sample shows a

70% loss of its modulus, while samples with 0.15% of BNC only lost 30%.
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Fig. 4.4.: Normalized storage modulus of Portland Cement (PC) and PC modified with BNC at
0.05%, 0.10%, 0.15% and 0.20% BWOC samples cured for 28 days.

On the other hand, the storage modulus of samples with 0.05% of BNC is smaller than

for the PC samples for most of the test, except between 130 and 160 °C. However, the

normalized module graph shows better behaviour after 120 °C in terms of thermal resistance.

This means that this small addition of BNC changes the thermal properties but does not

change the bending stiffness.

Figure 4.5 shows that temperature provokes a significant impact on the PC sample,

inducing higher tan δ (see Section 3.3.3), which represents the applied energy that the

sample can store. This effect starts to be detected at 150 °C and lasts until 200 °C. Cements

with a high percentage of BNC (0.15% and 0.20%) are not affected as the previous one.

They have maintained a lower loss modulus factor (85% less than PC at 200 °C). This is

not the case for the percentage of 0.05%, where the reduction is 50%. Considering the

nanostructural analysis performed by Alizadeh [150], the response δ of PC and 0.05%-BNC

cement in terms of tan δ is different from that of 0.15 and 0.20%-BNC. This can be related to

the different microstructure induced by the formation of aggregates of BNC in the mixture

with PC. Alizadeh et al. related the higher tan δ value to higher E”, and sliding frictional

effects that occur when water is evaporated from adsorbed water because water restrains

the C-S-H sheets. The decrease of tan δ or damping effect is the consequence of higher
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rigidity of the nanostructure. This is the result of a higher bridging of the C-S-H sheets due

to the increase in the number of strong bonds between SI and O or Si–O-Ca. These bonds

are due to the dehydration of water interlayer of C-S-H, which is larger for a higher content

of BNC.
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Fig. 4.5.: DMA results in term of tan δ of Portland Cement (PC) and PC modified with BNC at
0.05%, 0.10%, 0.15% and 0.20% BWOC samples cured for 28 days.

As will be shown in the TGA experiments (Section 4.2.6), PC has the lowest degree

of hydration compared to the other cements with added BNC. The lower quantities and

shorter length chains of C-S-H are making this cement more susceptible to creep [152],

while samples with higher hydration degrees withstand the oscillatory loading relatively

better. On the other hand, cement samples under bending mode are very dependent on the

material tensile strength. Fatigue crack propagation depends on the applied stress, the initial

crack size, and the material toughness. As the applied stresses are the same (bending load

and temperature rate changes), the samples reinforced with BNC experience two types of

changes. The first change occurs on the pre-testing crack size (tensile strength improvement)

and the second one on the fracture toughness (hydration improvement). These changes

explain the behaviour of the samples at 200 °C, where all samples modified with BNC have

shown higher storage modulus than PC samples, except for 0.05%-BNC cement.

Previous studies have worked with other polymers and also found that fibers improve

flexural strength in cement [153, 154]. Our results confirms this trend on flexural strength,
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and additionally shows improvement under thermal stresses. Samples with 0.15 and 0.20%

BNC show increased properties at room temperature and up to 200 °C.

4.2.4 Unconfined compressive strength (UCS)

Figure 4.6 shows the normalized compressive strength of cement cured for 7 and 28

days as a function of BNC percentages for cubic specimens. The strength values (∆) are

normalized to the strength value obtained after 7 days of curing in PC cement (∆0). The

error bars show the absolute variation observed in the tests. The unconfined compressive

strength of PC, and the mixtures with 0.05%, 0.10%, 0.15% and 0.20% BNC for different

curing times is presented in Figure 4.7. The errors in PC and 0.05% samples are very small

in Figure 4.6, so their error bar is not visible in the graph. To plot Figure 4.7, only the

average values of the results were used.
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PC cement.

The results show an enhancement in strength for cement samples with the addition of

BNC. However, the additions of 0.15% and 0.20% at 7 days show a decrease in the strength

influenced by the segregation in the mixture due to the SP [155]. It is known that other
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types of nanocellulose increase compressive strength as well [110, 156, 115]. The increase

in tensile stress [157], compressive strength, and hydration degree supports the use of

BNC as a long-term reinforcement. The hydrophilic characteristic of BNC avoids fast water

loss during cement hydration and prevents the propagation of thermally induced cracks

[144]. By decreasing these cracks, the probability that they initiate failure for a given

stress is decreased [28, 156], allowing the sample to withstand higher loads. In addition,

nanocellulose has higher tensile strength, thus aiding in overall mechanical performance.

The strength tends to increase with the percentage of nanocellulose. A small increment

in BNC (0.05%) produces an important increment in compressive strength, both at 7 days

and at 28 days. The addition of 0.05% BNC increases by 18% and 20% the strength in

comparison with cement sample (PC) cured at 7 days and 28 days, respectively. Other

authors also obtained a significant rise in strength for small percentages of nanocellulose

addition [110, 112]. The results are encouraging the use of BNC in future admixtures for

the low amounts required and the small induced change in the mixture viscosity.
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4.2.5 Triaxial experiments

The isotropic stress ramp generates volumetric deformations that can be calculated from

the LVDT’s measures. The slope of the curve in the confinement-volumetric deformation

graph is the compressibility modulus. Figure 4.8 shows typical results for a drained (Kd)

and a undrained (Ku) test. The undrained slopes are steeper than the drained slopes. This

is because drained samples allow poral water to escape, making them more compressible.
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Fig. 4.8.: Isotropic compression tests. The Kd and Ku moduli are determined by curve fitting these
results.

The Skempton coefficient B can be obtained from undrained isotropic test, plotting

pore pressure variations u versus confining stress σ3. This coefficient corresponds to the

slope of the pressure increase curve as a function of the applied isotropic load [158]. This

coefficient is influenced by the degree of saturation of the sample. If the sample is not

completely saturated, the measured Skempton coefficient will be lower compared to that of

the saturated sample. The values measured in the tests were 0.32, consistent with previous

works [33].

60 Chapter 4 Results and Discussion



The list of isotropic triaxial tests performed for non-carbonated samples is given in

Table 4.2. The isotropic tests of non-carbonated samples as function of the initial confinement

stress are shown in Figure 4.9. The x-axis indicates the initial confinement pressure

at the time of the tests, and the y-axis indicates the drained or undrained value of the

compressibility modulus for that initial confinement.

Sample Condition
Initial confinement

pressure [MPa]
Final confinement

pressure [MPa]
Bulk

modulus [MPa]
PC

Undrained

5.00 12.00 16.60
PC 6.00 10.00 14.10
PC 30.00 40.00 17.00

BNC05 5.00 9.00 15.50
BNC05 11.00 21.00 15.40
BNC05 11.00 21.00 15.80
BNC05 28.00 36.00 18.00
BNC05 28.00 36.00 17.20

PC

Drained

5.00 12.00 11.60
PC 29.00 39.00 12.50

BNC05 10.00 20.00 12.80
BNC05 10.00 27.00 12.10

Tab. 4.2.: Bulk modulus values for non-carbonated specimens subjected to different confining
pressures.
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The values of drained and undrained compressibility modulus are similar to previous

values obtained in the literature [53, 33]. The increment in the bulk modulus when the

initial confinement pressure is increased indicates that the elastic properties are dependent

on the initial stress state of the sample. Indeed, in a porous material, the pore structure

varies depending on the stress state. Thus, if the confinement increases, the porous volume is

reduced, and there is more solid material per unit of volume available to resist the new stress

state. Moreover, the increase of the stress within the solid phase (including intergranular

forces) is expected to significantly affect the elastic modulus of the material.

Samples with BNC present a slight increment compared to neat Portland cement, on an

overall average. The undrained modulus increase from 15.30 for PC to 16.30 for BNC05,

while the drained modulus is 12 GPa por PC and 12.50 GPa for samples with the addition

of BNC. The increase of this value is related to the effect of bacterial nanocellulose that

allows greater hydration. Furthermore, the bacterial nanocellulose fibers have high tensile

strength, which may reduce the cracks caused by cement shrinkage [98].

Due to the low permeability of cement, drained experiments would be lengthy, and

undrained deviatoric triaxial tests with pore pressure measurement were performed to

determine its strength. The results of these tests are shown in Figure 4.10. The ultimate

strength of the triaxial compression tests are given in Table 4.3.

Sample Triaxial compressive strength q [GPa]
PC (σ3 = 14 MPa) 48.00
PC (σ3 = 30 MPa) 59.80

BNC05 (σ3 = 30 MPa) 57.70
BNC15 (σ3 = 30 MPa) 64.30
Tab. 4.3.: Triaxial compressive strength of non-carbonated samples.

The drained cohesion and internal friction angle could not be obtained because the

pore pressure did not increase in some cases, indicating that the specimens were not fully

saturated or that there was a leak during the tests.
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confining pressure value (σ3).

In this undrained state, the samples reach a maximum strength level and then have

softening until rupture. The undrained Young’s modulus and Poisson ratio are taken from

the elastic zone (up to an axial strain of 0.001). Both parameters are taken from the same

range of load application. Table 4.4 shows the obtained values of Young’s modulus and

Poisson ratio for non-carbonated samples.

Sample Eu [GPa] ν ufinal [MPa]
PC (σ3 = 14 MPa) 18.10 0.23 12
PC (σ3 = 30 MPa) 19.20 0.20 1.1

BNC05 (σ3 = 30 MPa) 22.60 0.20 5.5
BNC15 (σ3 = 30 MPa) 20.40 0.20 10

Tab. 4.4.: Undrained Young’s modulus, Poisson ratio and final pore pressure of non-carbonated
samples.

For our results, increasing the confinement stress also increases Young’s modulus and

ultimate strength of cement. For instance, PC increases its strength from 45 to 60 MPa,

when it goes from σ3 = 14 Mpa to σ3 = 30 MPa. Specimens with BNC with a σ3 = 30

MPa show a higher Young’s modulus than PC. BNC05 has the highest strength at 30 MPa

confinement, followed by PC and then BNC15.
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4.2.6 Thermogravimetric analysis (TGA)

TGA and DrTGA results are shown in Figure 4.11 and Figure 4.12, respectively. The

content of each material phase was calculated by drawing three tangential lines on the

TGA graph, and the vertical difference of mass percentage between the intersections is

considered the decomposition of the material [159, 112, 160]. The continuous loss of mass

on the graph is due to the dehydration of C-S-H and other components that starts at 105

°C and continue until the end of the test [161, 133]. The drop in mass between 420 and

480 °C is due to the portlandite decomposition into Ca2+ ions and 2HO- from which CaO

and H2O are produced [162]. We can also see a small drop between 600 and 650 °C, which

is the decomposition of calcite. But considering that this cement was kept under alkaline

distilled water with negligible carbonation in the samples during 28 days [163] and given

the fact that the samples were dried in an oven at 110 °C during 24 h, we can assume that

this calcite is, in fact, portlandite that was carbonated during drying and precipitated into

calcite due to accelerated carbonation in the oven, increasing the CO2 uptake [164]. The

shape of the curves is similar for those samples with and without BNC or SP additions, and

they do not show new products due to the addition [165]. The curves corresponding to the

0.05% and 0.15% additions of BNC cannot be distinguished.
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Portlandite content increases with the BNC content, as we can see in Table 4.5. The BNC

water retainer effect generates an additional source of water, which enhances the generation

of hydration products [114, 110]. Indeed, the degree of hydration (DOH) is higher for all

percentages of BNC compared to PC. Similar behaviour can be found in the literature [112].

It should be noted that, in the present study, the DOH values are underestimated because

they were obtained at 800 °C instead of 1200 °C. However, a consisted trend is observed for

all the samples analyzed.

Test BNC[%] CH [%] DOH [%]
1 0.00 19.92 62.96
2 0.05 22.16 66.13
3 0.10 22.45 64.62
4 0.15 22.67 68.34
5 0.20 22.58 66.88

Tab. 4.5.: CH content and DOH of the samples.

Cement hydration and development of the microstructure over time are complex processes

whose study is not the objective of this work. However, an explanation of the increment in

DOH and CH content is necessary. The surface free energy (SFE) is an indicator that can
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characterize if a surface is more or less hydrophobic. The sum of the dispersive and polar

energy components gives the SFE. According to the literature, dispersive surface energy

can increase up to 138% by adding BNC to the cement sample [119]. This causes more

hydration reactions due to the increased amount of water on the surfaces of the cement

microstructure. Therefore, the increase in SFE explains the increase in portlandite (CH) and

DOH. Calorimetry tests on modified cements with nanocellulose have shown an increase

in heat release [157, 156], thus leading to a higher hydration degree. However, initially,

nanocellulose acts as a retarder for cement [166, 167]. Hisseine [110] suggested that

the heat increment during the calorimetry test is associated with the alkaline hydrolysis

of cellulose, which promotes cement hydration. Furthermore, cellulose filaments tend to

release water during hydration [111]. In our experiments, observed effects of BNC additions

are in line with the nanocellulose effects on cement mentioned in the literature: they

correspond to an increase of the hydration degree and portlandite content.

4.2.7 Mercury intrusion porosimetry (MIP)

An important issue is related to transport parameters and their evolution. Cement initial

porosity and pore size distribution are key factors in allowing CO2 to enter the cement,

which in turn determine the carbonation progress [168]. From this point on, the capillary

porosity (pore size higher than 0.010 µm) will be separated from the gel porosity (pore size

less than 0.010 µm) [137]. The sum of both porosities will be the total porosity.

MIP tests are shown in Figure 4.13. The characteristic peak of PC in pore size distribution

is at 0.050 µm, while for all samples with BNC, it is shifted from 0.050 µm to 0.045 µm.

PC has an average of 19% capillary porosity, while BNC05 has an average of 12% and

BNC15 of 16%. BNC containing samples show a significant reduction of porosity in some

parts of the samples. Nanocellulose dispersion and distribution within the samples are key

factors in obtaining homogeneous properties, but it cannot be easily measured. Dispersion

depends on the chemical properties of BNC, while an uneven distribution can lead to scatter

in measurements [169]. The ultrasonic scrubber allowed us to have a better distribution of

BNC in the mix [127]. However, in Figure 4.13, MIP results for the non-carbonated cement

with bacterial nanocellulose show some scatter, certainly due to heterogeneity.

Adding bacterial nanocellulose to Portland cement led to a lower porosity and a charac-

teristic pore size peak shifted towards smaller pores (from 0.050 to 0.045 µm). Cellulose

nanocrystals have been reported to reduce porosity in cement samples for pores smaller

than 0.100 µm [170]. The hydrophilic properties of bacterial nanocellulose induce the

precipitation of larger quantities of hydration products during the hydration process [171].

These products accumulate in the pores previously filled with water [144]. Furthermore,

the fibers of the bacterial nanocellulose have significant mechanical strength characteristics
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Fig. 4.13.: Cumulative porosity and pore size distribution of PC, BNC05 and BNC15 in
non-carbonated samples. Results are shown up to values of 0.006 µm

[98], which during cement shrinkage, may decrease the probability of having micro-cracks,

and thus reducing the final porosity [110].

4.2.8 Conclusion

Results indicate that the addition of BNC between 0.05% and 0.20% BWOC produces an

important decrease in the amount of free fluid. The addition of BNC reduces the thickening

time of cement slurry, and a dispersive agent is needed to maintain the fluidity of the

mixture. Nevertheless, more significant amounts of dispersant increase the thickening time

for the same amount of nanocellulose.

The thermogravimetric analysis shows an increment in portlandite content and hydration

degree as the percentage of bacterial nanocellulose increases. The dynamic mechanical

analysis shows an improvement in the thermoelastic behaviour of cement pastes when

using large percentages of BNC, mainly induced by its thermal stability and its tensile

reinforcement. The use of BNC in cement has shown an increment in strength development

at 7 and 28 days.
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All the mixtures using bacterial nanocellulose have shown an increase in their compres-

sive strength development over time. Triaxial results also show an improvement in the

compresibility moduli of cements with BNC, and similar or higher ultimate strengths. This

is likely due to the tensile strength of NCB, which allows it to inhibit cracks. Another reason

for this might be the increase in hydration degree, which generates more C-S-H that increase

cement strength.

4.3 Effect of bacterial nanocellulose on carbonated
cement

This section shows the results obtained for cement cured by method A (see Section 3.2).

18 specimens were carbonated from 3 different mixtures: PC, BNC05, and BNC15. Some

were used for mechanical testing, while others were used for microstructural analysis of the

core and areas near the CO2 exposed surface of the specimen.

4.3.1 Supercritical carbonation test

Table 4.6 shows the density variation of samples after 30 and 120 days of carbonation.

These values are the averages of all the samples tested, and the deviation does not exceed

2% of the averages.

PC bulk density increases by 1.4% and 2.5% after 30 and 120 days of carbonation,

respectively. BNC05 was the lightest compared to the other two types of cement, and

showed an increase of its density by 1.5% and 2%, respectively. BNC15 initial density was

higher than BNC05, and showed an increase by 1.3% and 3.6%.

30 Days of carbonation 120 Days of carbonation
Samples

(I)
Initial density[

g/cm3
] Mass

uptake [g]
Density

variation [%]
Mass

uptake [g]
Density

variation [%]
PC 1.99 2.7 +1.4 4.0 +2.5

BNC05 1.93 2.8 +1.5 3.3 +2.0
BNC15 1.97 2.1 +1.3 7.5 +3.6

Tab. 4.6.: Average values of density and mass uptake after carbonation.

Calcium hydroxide (CH) is dissolved from its solid form into Ca2+ and OH- ions which are

dissolved in water. The saturation of these ions in the acidified medium containing HCO3
-

provokes the precipitation of calcium carbonates (CaCO3) in pores and water formation

(Equation 2.17). In this reaction, the stoichiometric relation between the solid phases CH

and CaCO3 is one. As the density of CH is 2.23 g/cm3, and CaCO3 is 2.71 g/cm3 (or 2.93
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g/cm3 for aragonite or 2.54 g/cm3 for vaterite), density will inevitably increase during the

reaction (this is actually due to the input of carbon dioxide which precipitates into CaCO3).

C-S-H is an amorphous material that may have different phases with different densities,

ranging from 2.6 g/cm3 to 2.86 g/cm3 [172]. The C-S-H chemical balance of Equation 2.18

indicates that density will also increase due to the formation of CaCO3 with a relation of 1.7

mol of CaCO3 per 1 mol of C-S-H carbonated.

As shown in Figure 4.14, the degraded zone (brown zone) has a slow penetration rate,

and no change can be seen in the center of the sample. However, in the top part, an

important penetration is observed. In the case shown in Figure 4.14, BNC05 cement was

less degraded than PC. Lower amounts of calcium hydroxides and a lower Ca/Si ratio in the

C-S-H structure characterize this carbonated zone [85].

Fig. 4.14.: Cross section of PC (longitudinal on the left and radial at the top) and BNC05
(longitudinal on the right and radial at the bottom) samples after 120 days of

carbonation.

The top degraded zone observed in Figure 4.14 might result from sedimentation during

the cement setting, which leaves a more porous area at the top of the sample. The degraded

zone penetrates 8.7 mm inwards from the top of this PC specimen, while a value of 5.6 mm

is measured for this BNC05 specimen. The porosity of BNC05 in the upper part was lower

than for PC, due to BNC’s ability to diminish cement sedimentation by reducing the free

water content, thus allowing this part to have more cement hydrates and less porosity. After

carbonation, the pH of the remaining fluid at the bottom of the cell was reduced from 13

to 7, similar to studies made by Barlet-Gouédard [73]. Unfortunately, the pH could not be
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measured during the carbonation test. In fact, the pH during the carbonation process could

be reduced to 2.9 [69] or 3.2 [173], depending on the solubility of CO2 in water. Solubility

increases with pressure, with temperature up to a certain degree, and decreases with the

salinity of the water. According to Duan and Carey’s model [173, 174], the solubility of CO2

in our experiment was 1.1 mol/kg.

Hydration conditions before carbonation are essential, and they determine the amount of

cement hydrates and porosity. Overall, temperature and curing time are parameters that

will change porosity and pore size distribution [54, 60]. In this work, curing conditions

are optimal for having a high hydration level and low porosity cement after 28 days of

curing [60], so the hydration process during supercritical carbonation is not substantial.

By considering these conditions, the transport properties for diffusion [175] and advection

phenomena [176], which are linked with the porosity and pore interconnections, are

considerably reduced. Some authors have performed tests with similar curing conditions

[69, 177]. Nevertheless, the pH of the curing conditions they considered was around 7 using

freshwater or water with NaCl, which is not in equilibrium with the cement pore solution

pH of 12.5. This allows Ca2+ ions to be leached during hydration. In the present study, the

lime-saturated water is in equilibrium with the cement paste during curing, making possible

to study the effect of supercritical carbonation on sound cement samples.

Carbonation conditions are critical to obtaining more or less penetration as well. There

have been reports on how carbonation effects are affected by temperature or pressure

variations by maintaining one of these parameters constant [178]. It was shown that,

by increasing pressure and keeping the temperature constant, the penetration depth was

smaller and compressive strength was larger. On the other hand, when the pressure was

maintained constant and the temperature increased, cement was more affected with a

larger penetration depth and a further reduction in compressive strength, probably due to

more cracks propagating caused by higher carbonation temperature and enhanced chemical

reactions.

At the end of the 120 days of carbonation, the samples have not been completely carbon-

ated. Therefore, the results shown here correspond to cement samples that are not totally

carbonated in the interior, and that are more carbonated in the areas close to the surface

in contact with CO2. The carbonation conditions adopted in the current work are similar

to those considered by Barlet-Gouédard and Fabbri [73, 30], where larger penetrations

or complete penetration have been observed after 30 days of carbonation. However, the

carbonation effect in our samples is different, similar to the small penetrations observed

by Kutchko and Gu [69, 179]. The slow advancement rate of the degraded zone in our

samples is explained by their low capillary porosity (19%, Section 4.3.2) compared to the

other authors [73, 30] (33% - 41%).
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It is interesting to note the difference between Duguid’s experiments [82] and this work.

After 12 months of curing in a NaCl solution, the samples were exposed to CO2-saturated

brine at 50 °C for 30 days. Nevertheless, the authors used HCl to lower the pH of the

brine solution to simulate the sequestration of CO2 in a sandstone formation. Under these

conditions, they observed a considerable penetration length of the reactive front, with

several regions characterized by different colors behind the front. However, these reactions

could have been due to the attack of a strong acid in conjunction with carbonation rather

than pure carbonation, which could not be quantified. It is then not possible to know what

influence each reaction had on the degradation process. The difference between static and

agitated conditions between in the carbonation cell the two experiences could also influence

the outcome. In our work, carbonation induces a change in the color of the external surface

from initial grey to light brown at 30-days and dark orange after 120-days (Figure 4.15).

The samples have a thin brown outer ring, and a thinner darker brown ring was observed

surrounding the interior part of the brown ring in some samples. The change in color in

the altered zones might result from the release of Fe3+ ions, which can react chemically

and form iron hydroxides [13]. This probably comes from the fact that the brownmillerite

begins to carbonate, because a decrease of its content is seen near the exposed area in XRD

tests in section (see in Section 4.4.4).

Fig. 4.15.: Variation in the coloration of carbonated samples at 30 and 120 days.
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4.3.2 Microstructural analysis

Figure 4.16 shows the cumulative intrusion and pore size distribution of the zone near

the exposed surface of the PC’s samples at different carbonation times. Figure 4.17 and

Figure 4.18 also show these results for BNC05 and BNC15, respectively.
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Fig. 4.16.: Cumulative porosity and pore size distribution of PC before and after 30 and 120 days of
carbonation.

The cumulative porosity prior to carbonation shows a concave downward curve for all

types of cement. This curve for the material closest to the exposed surface, after 30 days of

carbonation, it changes in shape to a concave upwards curve. After 120 days, this shape is

still observed but with a lesser slope.

The results near the exposed surface after 30 days of carbonation show that the character-

istic pore size peak initially at 0.050 µm has moved to 0.010 µm for the samples studied.

After 120 days, the distribution is similar, however, the incremental pore volume smaller,

and so does the cumulative porosity. A peak in incremental pore volumes are observed

at 0.100 µm after 30 days of carbonation, but the corresponding pores disappear at 120

days.
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A porosity decrease is shown on the exterior part of the sample after 30 days of carbona-

tion, diminishing down to averages of 14.5% for PC, 10.6% for BNC05, and 13% for BNC15.

After 120 days of carbonation, the porosity near the outer rim has continued dropping to

5% for PC, 6% for BNC05, and 4.5% for BNC15.

Capillary porosity at the cement core has not decreased much compared to non-carbonated

cement after 120 days of carbonation. In that region, capillary porosities for PC, BNC05,

and BNC15 are 17%, 19%, and 18%, respectively. However, the pore size distribution

has changed. The characteristic peak has shifted from 0.050 µm to 0.015 µm for BNC-

cement samples while it has shifted to 0.020 µm for PC samples. The difference in the final

characteristic peak position between PC and BNC-cement samples (0.020 µm and 0.015 µm,

respectively) is analogous to the difference measured for non-carbonated samples (0.050

µm and 0.045 µm for PC and BNC-cement samples, respectively).

The variation in the shape of MIP curves means that the characteristic peak of PSD

tends to disappear, and smaller pores (less than 0.010 µm) begin to appear after 30 days.

As carbonation continues towards 120 days, this 0.010 µm pore population starts to be

reduced.
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Fig. 4.17.: Cumulative porosity and pore size distribution of BNC05 before and after 30 and 120
days of carbonation.
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Cement with BNC show some heterogeneity. One MIP test showed a porosity value of

6.2% after carbonation, indicating that this sample contained BNC at the beginning (non-

modified samples had 18% or more porosity). After 30 days of carbonation, this portion

was also affected by calcite precipitation, which induced a further decrease of its porosity.

After 30-days carbonation, PC, BNC05 and BNC15 samples show an increase of the

population of pores having a diameter close to 0.100 µm. That population was quasi

inexistent in pre-carbonated samples. Some authors have confirmed the occurrence of nano-

cracks and micro-cracks after carbonation shrinkage [180], probably induced by calcite

crystallization in pores [181]. However, this specific increment of the pore volume could

be due to CH dissolution or C-S-H decalcification. In fact, studies on the dissolution of CH

and C-S-H indicate a similar porosity increment at 0.100 µm [182]. The process of calcite

precipitation and hydrates dissolution may be happening at the same time. Once the pH

drops in the pore solution, due to the CH dissolution, the dissolution of ettringite (pH <

10.7) and C-S-H (pH < 10.5 or 8.8 depending on the study [183]) will begin.
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Fig. 4.18.: Cumulative porosity and pore size distribution of BNC15 before and after 30 and 120
days of carbonation.

Regardless of this porosity change at 30 days, samples carbonated for 120 days in

Figure 4.16 to Figure 4.18 do not present this porosity increase around 0.100 µm. C-S-H
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decalcification is the one that produces more CaCO3 that further clogs the pores after

120 days of carbonation, according to Morandeau studies [184]. As samples were not

underwater, dissolved ions could not be released out of the cement samples. Therefore, the

CaCO3 precipitation has been refilling these carbonation-induced cracks and blocking further

carbonation inwards. This can be observed in SEM images in Figure 4.19, which shows

the carbonation front. Behind the carbonation front, it can be observed a higher density

due to carbonate precipitation, while in the innermost zone, the cementitious material is

dissolving.

PC results show a porosity decrease at the cement core, suggesting that chemical reactions

of carbonation have reached this point. This can also be observed in the pore distribution.

Indeed, it seems that carbonation exists over the whole sample under supercritical carbon-

ation, at a relatively slow rate at the center and a faster one near the outer rim, where a

carbonation front can visually be identified. This was observed first by Rimmelé [32], who

reported that CH depletion and CaCO3 precipitation occurred at the cement core, ahead

of the carbonation front. Later, Adeoye [92] noted that the Vickers hardness increases

throughout the material after carbonation, indicating that there was precipitation of CaCO3

at the cement core.

Carbonated zone

Depleated zone

Fig. 4.19.: Carbonation front of BNC15 after 120 days of carbonation.
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As in non-carbonated samples, when comparing BNC and PC samples, we can observe

a shift of the characteristic peak at the core of carbonated samples in Figure 4.17 and

Figure 4.18. The characteristic peak is centered on 0.015 µm for BNC and 0.020 µm for PC.

This shows that the effects of nanocellulose remains during cement carbonation, maintaining

a characteristic MIP peak at lower values than for ordinary PC. According to Kutchko [69],

the carbonation causes a decrease in CH amount at the inner part of cement (Region 1), and

a decrease in porosity over the carbonate barrier (Region 2). Although it is seen that there

is precipitation of CaCO3, a large number of pores smaller than 0.020 µm are observed.

On one hand, the porosity and the size of coarser pores have diminished because of the

formation of CaCO3. On the other hand, for the samples with BNC, the porosities and the

quantity of smaller pores have increased due to hydrates depletion, and the characteristic

peak has been shifted by CaCO3 precipitation. This suggests that at the core of PC samples,

the chemical process advanced towards Region 2 after 120 days of carbonation, while the

samples with addition of BNC are in transition between Region 1 and Region 2 and have

seen the carbonation advance delayed.

Figure 4.20 shows the pore size variation at a material point near the external surface of

PC from the initial state (no carbonation) to 120 days of carbonation where: Time 1 is before

carbonation, Time 2 is 30 days of carbonation and Time 3 is 120 days of carbonation.
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Fig. 4.20.: Pore size distribution variation in time for a point near the exposed surface of PC
samples. Non-carbonated (Time 1), 30 days of carbonation (Time 2) and 120 days of

carbonation (Time 3).
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These times correspond to porosities of 19%, 14% and 5% for PC. All of our cement types

behave in this manner with their corresponding capillary porosities. As seen before, the

CaCO3 growth in pores shifts the characteristic peak from 0.050 µm to 0.010 µm after 30

days, indicating an increase of the quantity of small pores. At this time, an increment of

0.100 µm pores is also observed. This is likely to be caused by micro-cracks originating from

crystals growth (CaCO3 precipitation) [185] or C-S-H decalcification. After 120 days of

carbonation, depletion continues but towards smaller pores, as seen above by the increase of

gel porosity, and CaCO3 continues growing inside the smallest pores. At this point, no cracks

are observed, the ones that appeared previously having been filled by CaCO3 precipitation.

4.3.3 Porosity measurements by oven drying and porosity variation
over time

Porosity for all non-carbonated samples has an average of 39%, with a maximum relative

variation of 10% of this value (Table 4.7).

Samples Initial [%] 30 days [%] 120 days [%]
PC 39.7 28.8 31.1

BNC05 39.2 27.3 29.1
BNC15 39.6 30.3 28.5

Tab. 4.7.: Total porosity near the exposed surface of the samples at different carbonation times.

Total porosity in the upper degraded part of the sample after 30 days of carbonation

has decreased from (averages of three samples) 39% to 29% for PC, 27% for BNC05, and

30% for BNC15. After 120-days of carbonation, it increases back to 31% and 29% for PC

and BNC05, respectively, but it diminishes further, down to 28.5% for BNC15 at 120 days.

Adding bacterial nanocellulose to the cement mix does not appear to significantly change the

total porosity of non-carbonated samples. Indeed, as the water to cement ratio is the same

for all samples, total porosity will be the same. The fact that capillary porosity is reduced in

BNC-cement samples might be related to the adsorption of water on the BNC surfaces. This

adsorbed water is then no more available to create macropores, and it evaporates only after

the oven drying, thus appearing as porosity not accessible by mercury intrusion.

The decrease in total porosity after 30 days of carbonation follows the reduction trend

observed in the MIP tests. The increment of porosity from 30 days to 120 days is likely to

be due to the dissolution of CaCO3 in an acidified medium. In fact, the high pressure and

zero salinity of the water increase the dissolution of CO2 in the saturated samples, further

reducing the pH, possibly down to values as low as 2.9 [69]. This is supported by previous

works with similar conditions [71], where they locate the CaCO3 dissolution front in a thin

microscopic layer right next to the exposed surface. Figure 4.21 shows this layer which
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is right next to the supercritical fluid. The white zone is carbonated material that has not

yet begun to dissolve. This zone is very soft and highly porous [82], so its contribution to

cement strength is reduced.

Calcite
Crystals

CC dissolution front

Carbonated Zone

Fig. 4.21.: The outer rim shows larger calcite crystals in a more porous zone, while the carbonated
zone shows fewer voids because the dissolution front has not yet reached this zone.

Figure 4.22 represents the total porosities of samples carbonated after 120 days. It is

worth noting that in the degraded zone, porosity is lower than at initial state, but in the

non-degraded core sample, the total porosity has increased, meaning that the core began to

experience CH and C-S-H dissolution. The increase in total porosity, accompanied by the

decrease in capillary porosity indicates that the macropores are being filled, and nanopores

are beginning to predominate.

PC and BNC15 have similar behaviour, except in zone 2, where BNC15 has a smaller

porosity value than PC. However, BNC05 has the smallest porosities for all zones except

for zone 2, which is right after the degraded zone. In zone 1, total porosity was the lowest

for BNC05, thus reducing the transport of ions into cement. Zone 2, zone 3 and zone 4

of BNC05 are very close to the original 39% non-carbonated porosity, meaning that these

zones have not been as affected as in the case of PC and BNC15 samples. This is probably

due to the porosity reduction in zone 1 (capillary and total).
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Fig. 4.22.: Total porosity of samples carbonated after 120 days (PC, BNC05, BNC15).

With our previous results, the variation of the total, capillary, and gel porosity along the

carbonation time of the degraded zone can be obtained. Macropores or isolated pores were

not considered. Total porosity (φT) was obtained from oven drying, capillary porosity(φC)

was obtained from MIP test results of pores larger than 10 nm and gel porosity (φG) has

been simply assumed to be the difference between the two other porosities:

φG = φT − φC (4.1)

Results for the outer rim are shown in Figure 4.23. All cement samples behave similarly;

all porosities were reduced after 30 days of carbonation. Between days 30 and 120, capillary

porosity continued to decline at a steady rate, while total porosity remained approximately

constant, and gel porosity started increasing. The obtained values of the total, gel, and

capillary porosities are similar to values previously reported by other authors for Class G

cement before carbonation [60].

For data obtained after 30 days of carbonation, it is possible to observe that gel porosity

approaches the capillary porosity values. The decreasing rate of capillary porosity is lower

than the one of gel porosity. In PC samples, the capillary and gel porosities are the same,
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while for BNC05 and BNC15 samples, the gel porosity is always larger. Indeed, as mentioned

before, the BNC-adsorbed water leads to larger gel porosity at the expense of capillary

porosity, which can be seen in the results before carbonation. Trends for BNC15 are similar

for both curves (gel and capillary). BNC05 results show an important reduction in gel

porosity, while the capillary porosity has not changed substantially.
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Fig. 4.23.: Variation of total, capillary and gel porosities over time for samples PC, BNC05 and
BNC15 for 30 days and 120 days of carbonation (near the exposed surface)

For results at 120 days of carbonation, a linear regression can be accurately fitted to

the MIP data. BNC05 has a negative slope of 0.05 %/day, while PC and BNC15 have a

negative value of 0.11 %/day. This behaviour indicates that the addition of 0.05% bacterial

nanocellulose has reduced the porosity changes compared to the other two mixtures. Of

course, the fitted line should end at some point before porosity 0%, but this has not been

seen during the experiment’s duration. Finally, gel porosity starts growing up again in all

samples between 30 days and 120 days, meaning that at a given point, C-S-H decalcification

has started, creating new pores probably in its matrix [184]. Nevertheless, at 120 days of

carbonation, total porosity remains below its initial value, and capillary porosity continues

decreasing, clogging the invasion of CO2 towards the inner parts of the cement matrix.
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4.3.4 Unconfined compressive strength (UCS)

Figure 4.24 shows the compressive strength and Young’s modulus development of cylindri-

cal samples over time for PC, BNC05, and BNC15. These are average values of 3 specimens

tested. PC has a strength of 53 MPa while BNC05 and BNC15 have 55 MPa. Young’s modulus

values are 25.7 GPa, 24.2 GPa, and 26.3 GPa for PC, BNC05, and BNC15, respectively.
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Fig. 4.24.: Development of the compressive strength (red) and Young’s modulus (blue) of PC (a),
BNC05 (b) and BNC15 (c) over the carbonation time.

After 30 days, PC suffers a drop in compressive strength of 20%, while BNC05, a drop of

17%, and BNC15, a drop of 10%. Results after 120-days of carbonation show that PC has

lost 33% of its original strength while BNC has lost 13% and BNC15 23%. At this stage, the

compressive strength is 36 MPa for PC, 48 MPa for BNC05, and 42 MPa for BNC15.

PC and BNC15 are continuously losing strength during the carbonation stages. However,

BNC05 experiences a drop in strength after 30 days, but after 120 days, it regains 5% of

strength compared to the 30 days’ situation.

Young’s modulus follows a trend similar to that of compressive strength. PC sees its

Young’s modulus diminishing by 13% after 30 days and 37% after 120 days. Modulus of

BNC05 loses 20% after 30 days, but it increases again after 120 days, thus losing only 10%

of the initial Young’s modulus at this age. BNC15 had, like BNC05, a drop of 20%, but this

value was maintained after 120 days. Young’s moduli after 120 days are 16.5 GPa for PC,

22 GPa for BNC05, and 21 GPa for BNC15.
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Considering cement carbonation in supercritical conditions, some authors have reported

an increment in compressive strength [186, 35], while more recently researchers report

a decrease in mechanical performance [30, 75, 187]. This contradiction stems from the

different conditions of cement hydration before carbonation [91] and the subsequent

carbonation conditions [186].

It is known that in the case of atmospheric carbonation, the precipitation of CaCO3 in

the material increases its strength [188]. In our experimental conditions, supercritical

carbonation is adversely affecting the mechanical performance of cement. Several reasons

may explain the strength decrease: micro-cracks due to pressure variation in the carbonation

cell, the high porosity and softening of the outer layer due to CaCO3 dissolution [82], the

degradation of C-S-H [189], possible cracks due to crystallization stresses induced by of

CaCO3 precipitating in the pores [30, 75], or the preferential paths of the cracks through

the different interfaces of the rings of the carbonated material [30].

C-S-H decalcification is mainly responsible for the strength loss during carbonation [190],

and the Young’s modulus in leached zones can decrease up to 80% [191]. It was observed

by Hidalgo et al. [192] that CH is depleted rapidly and the remains are surrounded by

carbonation products. Afterward, the process continues decalcifying and degrading the

C-S-H phase, thus reducing the bonding strength of the material.

The discontinuities between the different rings of the carbonation zones (calcium de-

pletion, CaCO3 precipitation, and degradation zone) can generate stress concentrations

and initiate failure during the compression test. Some of our samples broke parallel to the

applied force and near the rim, as also observed by other authors [30], which supports this

failure mechanism.

CaCO3 precipitation can produce tensile stresses around the pores [193, 194]. A work

carried out by Lesti highlighted the problems of pore crystallization [75]. It was noted that,

even though the carbonation front did not advance very deeply, cracks were observed in the

neat cement samples, which considerably increased their permeability and enhanced the

failure probability of the sample. This can be observed in Figure 4.25, where the growth of

calcium carbonates is observed. Qualitative chemical scanning outside the pore indicates

that there are many components characteristic of the cementitious matrix, while in the

interior only calcium, oxygen and carbonate are detected. The images found at the top of

Figure 4.26 show that the calcium carbonates grow in the form of needle, while the photos

at the bottom show that the carbonate grow in the form of sheets that overlap each other.
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Fig. 4.25.: Cracks formed around a pore with calcium carbonate growth.

Fig. 4.26.: Cement samples being filled with calcium carbonates after 120 days of carbonation.
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Nanocellulose has been reported incrementing mechanical properties when added to the

cement mix [110, 117, 121]. Results in this work show an initial increment in strength by

the addition of bacterial nanocellulose, while Young’s modulus was not significantly affected.

However, the effects of BNC are not as remarkable as the results previously obtained in

Section 4.2.4, probably due to the use of different specimen sizes and shapes.

Samples with bacterial nanocellulose were less affected by carbonation at 30 and 120

days. After 120 days of carbonation, the PC strength is 36 MPa, while BNC05 and BNC15

strength is 48 MPa and 42 MPa. Young’s modulus was also affected in PC to a value of 16.5

GPa, while BNC05 and BNC15 modulus are 22 and 21 GPa, respectively. The increased

level of cement hydration from the hydrophilic characteristics of BNC probably reduced

the progression of carbonation. Indeed, the lower capillary porosity due to the higher

degree of hydration slows down the diffusion rate of carbonate ions [175]. Additionally,

the high-resistant BNC fibers contribute to tensile strength, which can also translate into an

increase in compressive strength.

Fig. 4.27.: Pore with bacterial nanocellulose in carbonated cement (BNC15). A small network
linking different vertices of the cement structure can be observed.

Figure 4.27 is an image of a carbonated BNC15 sample after 120 days. A material different

in terms of shape and texture than the one generated by the carbonation of the cement can

be observed. The matching size, the thread-like structure and the bonding between different

points of the carbonated cement matrix allow to identify it as the bacterial nanocellulose.

The BNC allows some interweaving of its threads, but most of it is agglomerated in a single

sector, indicating that the dispersion and distribution within the mixture was not perfect.
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4.3.5 Triaxial tests on carbonated samples

The list of isotropic triaxial tests performed for carbonated samples is given in Table 4.2.

Sample Condition
Initial confinement

pressure [MPa]
Final confinement

pressure [MPa]
Bulk

modulus [MPa]
PC 30d

Undrained

14.00 21.00 8.60
PC 30d 27.00 36.00 8.70

BNC05 30d 10.00 14.00 9.00
BNC05 30d 10.00 20.00 9.70

BNC05 120d 10.00 17.00 9.70
BNC05 120d 10.00 17.00 9.10

PC 30d

Drained

11.00 21.00 7.50
BNC05 30d 11.00 26.00 8.40

BNC05 120d 11.00 20.00 8.70
BNC05 120d 11.00 20.00 9.10

Tab. 4.8.: Bulk modulus values for carbonated specimens subjected to different confining pressures.

Figure 4.28 shows the bulk modulus of the carbonated samples determined during triaxial

experiments. The outer rim of the carbonated samples is affected and presents various

discontinuities, which could allow higher deformations when an isotropic loading is applied.

Carbonation generates different fronts: leaching, precipitation, and re-dissolution [84].

These discontinuities in cement samples reduce their mechanical properties [187].

The averages values obtained from all the isotropic tests are listed in Table 4.9, which

shows the bulk modulus of PC samples and BNC05 samples. Carbonation reduces drained

and undrained bulk moduli by up to 40% for both mixtures.
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Fig. 4.28.: Bulk modulus of drained (Kd) and undrained (Ku) tests on carbonated (C) samples.
Results are shown as a function of the initial confinement pressure of each test.

Sample Parameter Non-carbonated [GPa] 30-days carbonation [GPa]

PC
Ku [GPa] 15.30 8.60
Kd [GPa] 12.00 7.50

BNC05
Ku [GPa] 16.30 9.40
Kd [GPa] 12.50 8.70

Tab. 4.9.: Averages bulk modulus values of CP and BNC05 obtained from isotropic tests at different
confinement pressures.

After 30 days of carbonation, Ku and Kd values decrease for PC and BNC05 cements, but

the values of Ku are still greater than Kd. BNC05 modules are larger than PC modules. This

indicate that samples with bacterial nanocellulose were less affected by carbonation. After

120 days, the moduli of BNC05 are slightly higher than the moduli at 30 days.

Additionally, the thin exterior front of re-dissolution is characterized by high porosity due

to calcite leaching [71]. It is observed that the carbonated material experiences greater

volumetric variation when an isotropic load is applied to the material, which leads to a

decrease in the compressibility modulus. Indeed, SEM images at the outer edge show

the CaCO3 dissolution front (Figure 4.29). Ahead of this area is the carbonated cement

(Figure 4.21). The former has a thickness of 250 µm and its porosity increases, while the

carbonate zone is denser and with overlapping sheet-like crystals (Figure 4.30). It is also
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observed how the material around the denser calcite crystals dissolves. This dissolution of

material is what generates a lower apparent bulk modulus in the triaxial tests, since the

outer edge is more deformable. The upper left picture of Figure 4.29 shows the outer rim

of a carbonated sample. Some larger minerals are seen near the outer surface. The upper

right image shows the same image but highlighting the pores. Here we see that there is

a greater porosity in the external zone. Zooming in on the minerals near the outer edge

shows that there is greater porosity around them. As calcite crystals are stable, they are the

last to dissolve in the presence of CO2.

Fig. 4.29.: Edge exposed to CO2 in supercritical state after 120 days of carbonation. It is observed
that the zone closer to the surface has more voids, indicating that CaCO3 is dissolving.
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Fig. 4.30.: Structure of carbonated cement after 120 days. The precipitation of CaCO3 crystals
generates a zone with low porosity.

4.3.6 X-ray diffraction (XRD)

Figure 4.31 shows the XRD patterns of PC and BNC15, while Table 4.10 gives the relative

percentages of the crystalline phases. The analyses show the contents of portlandite,

katoite, brownmillerite, magnesite, aragonite, and calcite. Portlandite is one of the main

cement hydration products with high crystallinity. In contrast, C–S–H is a low crystallinity

amorphous material. Brownmillerite is a phase of clinker denominated as C4AF. Aragonite

and calcite are calcium carbonates of a different crystalline system with orthorhombic

and rhombohedral shapes, respectively. Katoite is a calcium aluminate hydrate more

stable at high temperatures than ettringite. Before carbonation, the samples with BNC

have an increase in the relative crystalline amount of portlandite and a lower amount of

brownmillerite. A certain percentage of the specimens was carbonated before exposure.

Katoite and okenite are also detected here. After carbonation, the exposed surface of all

cements seem to be similarly affected. The percentage of CH has almost entirely vanished,

katoite has disappeared in PC and BNC15, and a considerable increase in aragonite is

observed, but there is no calcite increase. The cement’s cores do not show substantial

changes in the relative percentage of calcite. A reduction is seen in the amount of portlandite
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in BNC15 samples, while the katoite amount increased in both types of cement whereas the

brownmillerite quantity decreased.
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Fig. 4.31.: XRD patterns at the core (Int) and near the outer rim (Ext) of PC and BNC15 samples
exposed to supercritical CO2 for 120 days.

Crystalline phase
PC BNC15

NC Int (C) Ext (C) NC Int (C) Ext (C)
Portlandite 50 52 5 63 55 1

Katoite 16 23 - 14 26 -
gypsum - Traces traces - - -

Brownmillerite 16 11 9 12 10 5
Tobermorite - - - traces traces -

Brucite - 3 - - traces -
Okenite 5 - - - - -
Calcite 13 10 12 10 8 9

Aragonite - Traces 73 - - 85
Tab. 4.10.: Quantification of crystalline phases from XRD results (120 days of carbonation).

For non-carbonated samples, the increase in the amount of portlandite and decrease

in browmillerite in samples before carbonation reinforces the results reported in previous

sections showing that BNC increases the degree of cement hydration. XRD curves are

similar to other types of G-cements [58], showing similar crystals. The lack of ettringite

and monosulfoaluminates may be due to the low content of C3A and gypsum in the cement

[58, 195]. Katoite or silicious hydrogarnet can be formed from C2S and C4AF. These

products have a similar chemical formula depending on fluid condition, sulfate activity, and

temperature [196]. Here, both are listed as katoite in Table 4.10. Additionally, the lack of
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crystals related to C-S-H is due to the insufficient intensity of reflection of this amorphous

material [197]. The CH and C-S-H structure can be observed in Figure 4.32, which shows a

non-carbonated cement structure. The upper right image shows a CH crystal resting on the

amorphous C-S-H surface.

Fig. 4.32.: Non-carbonated cement structure. The images show portlandite crystals surrounded by
C-S-H.

The post-carbonation XRD results on the exposed surface indicate almost complete

carbonation of the cement hydrates, which confirms the MIP results. A large amount of

aragonite in this area denotes higher chemical instability due to its high solubility. This

may indicate that dissolution of the CaCO3 crystals could take place if a suitable external

fluid (water) were present. The core is less affected by carbonation, but the percentages of

minerals have changed. The increase in katoite is probably a combination of temperature

effect during carbonation, as this material is more stable at higher temperatures, and C4AF

hydration. In fact, katoite was found to increase significantly upon hydration of C4AF

[198].

Figure 4.33 shows the thermogravimetric results of the carbonated samples near the

exposed surface.
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Fig. 4.33.: TGA results for Portland Cement (PC) and BNC05 near the exposed surface of samples
carbonated for 120 days.

Results near the outer edge of the sample indicate that all of the portlandite was consumed.

A small peak corresponding to katoite can be observed in the DTG graph. Two other peaks

are seen in the DTG, one around 700 °C, and a larger one at 860 °C for PC and another

at 900 °C for BNC05. Some authors [54, 67] agree on the fact that the first peak refers to

less stable calcium carbonates such as aragonite or vaterite, while the higher temperature

peak corresponds to a calcite of greater crystallization. Quantitative results are presented in

Table 4.11 and give values of 51.9% carbonates for PC and 56.8% for BNC05. However, this

technique does not allow to distinguish between calcium carbonates produced from CH or

from C-S-H.

Component [%] PC BNC05
Portlandite 0 0

Aragonite/Vaterite 15.5 12.2
Calcite 36.4 44.6

Tab. 4.11.: Content of portlandite and calcium carbonates near the exposed surface after 120 days
of carbonation

Figure 4.34 shows SEM images of the structure of a BNC15 sample carbonated for 120

days. Here we can see that the topography changed from a foamy form to a crystalline
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form generated by calcite crystals, with no CH or C-S-H present. Zooming in further, in

image b we observe calcium carbonates with a different crystalline system. These crystals

have a shape similar to aragonite or vaterite. However, in the XRD analysis, only calcite

or aragonite crystals are visible. Image c shows the different zones that are produced due

to carbonation. The CaCO3 redissolution zone is the most exposed to carbonic acid and it

is here that calcite can be transformed into aragonite and then dissolved in the fluid. The

carbonation front is a denser zone richer in calcium carbonates. The CH dissolution zone is

characterized by being a more porous zone than the uncarbonated cement.

CaCO₃ 
redissolution
zone

CH dissolution
zone

Carbonation
front Calcite

crystal

Aragonite or
vaterite
crystals

Aragonite or
vaterite
crystals

(a)

(d)

(b)

(c)

Fig. 4.34.: (a) Structure of the carbonated cementitious matrix (b) Types of calcium carbonate
crystals (c) Carbonation zones of the cement (d) Calcite crystal in carbonated

cementitious matrix.

BNC15 shows a decrease in portlandite, suggesting that CH dissolution has started.

However, this is not observed in PC cement. Some aragonite traces are detected at the core

of the PC sample. Carbonation and/or hydration during the test produced a change in the

amount of katoite and brownmillerite, while portlandite and carbonates do not appear to

have changed.

Figure 4.35 shows the thermogravimetry of the cement core after 120 days of carbonation.

The results in 4.2.6 indicated very low amount of carbonates in non-carbonated samples.

However, the carbonated samples at the core indicate some carbonation. The portlandite
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peak is found around 500 °C, while carbonation peaks are observed between 750 and

800 °C for PC and BNC05 correspondingly, and at 900 °. It is worth noting the difference

in temperature between these peaks on the outside and inside of the sample. Indeed, a

carbonated cementitious material will have more chemically stable calcite crystals, so its

mass loss will be at higher temperatures. On the other hand, a material at the cement core

will have a lower CO2 concentration, yielding metastable calcite carbonates, and lower

decarbonation temperature, as shown in Figure 4.35. We observe that the percentage of

portlandite in the core is 13% for PC and 14.8% for BNC05. The percentage of calcite are

10% for PC and 6.3% for BNC05. It is possible that the considerable katoite growth and

brownmillerite reduction can affect the relative crystal proportions of portlandite and calcite

concealing small carbonate precipitations.
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Fig. 4.35.: TGA results for PC and BNC05 at the core of samples carbonated for 120 days.

4.3.7 Conclusion

Density has increased in all samples, but cement with 0.05% of BNC was the lightest. An

important degraded zone was seen at the top of the samples, but radially, the cement was

less damaged.
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BNC exchanges the capillary porosity (reducing it) by gel porosity (increasing it). By

having smaller pores, the advance of CO2 is slowed down in modified samples.

A linear reduction in capillary porosity was noted radially over the exterior of the samples

during the 120 days of carbonation while gel porosity was decreased during the first 30

days of carbonation. Gel porosity increases again after 120 days of carbonation, suggesting

C-S-H decalcification. Total porosity at the end of the experiments resulted in a lower value

than the initial one.

At the core, capillary porosity was reduced in PC and BNC15 samples but not for BNC05.

Pore size distribution has varied and oven porosity has increased, with a reduction of largest

pores, and an increase in gel pores.

Carbonation generates a reduction in the mechanical strength and Young’s modulus of all

samples. This is probably due to the constant decalcification of C-S-H, which reduces the

integrity of the cementitious matrix. Neat cement samples show a continuous decline in

strength, while samples with BNC maintain the same strength from 30 to 120 days. Samples

with BNC show higher values of their mechanical properties in absolute and relative terms

before and after the carbonation process. A decrease in the compressibility modulus of

cement in triaxial tests is also observed, although BNC05 maintains values higher than PC.

TGA results indicate that BNC05 cement has lower amounts of calcium carbonates, either

in the core or near the surface exposed to CO2.

XRD results show more crystalline phases of hydrated cement in samples with BNC before

carbonation. A large amount of aragonite in the outer rim may indicate that dissolution of

the CaCO3 minerals might take place if external conditions allowed it.

SEM images show the initial foamy topography (amorphous C-S-H) of uncarbonated

cement and the fully crystalline surface of carbonated cements for 120 days. They also show

carbonates growing in the form of sheets overlapping each other, pore crystallization and

dissolution of calcium carbonates near the exposed surface.

Cement with 0.05% of bacterial nanocellulose presents a lesser degraded zone and is not

affected at the center of the sample as the other mixtures. PC and BNC15 share similarities in

their behaviour when exposed to carbonation. However, porosity changes and lower density

variation suggest that BNC05 allowed fewer chemical reactions. This was corroborated by

the carbonation degree analysis and by the UCS results.
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4.4 High temperature curing effect and carbonation

BNC-cement samples subjected to supercritical carbonation showed that their mechanical

behaviour is less affected than non-modified cement. Nevertheless, their behaviour at

different curing conditions like those in a reservoir is unknown.

Temperatures in the various geological reservoirs (coal beds, deep saline aquifers, or depleted

oil and gas reservoirs) can vary depending on the depth at which they are found. In some

reservoirs, the temperature can vary from 60 to 160 °C [29], being 90 °C a value often

considered by other authors experimenting with oil well cement [30, 199, 32, 33].

The following analysis focuses on the microstructure and mechanical changes of cement

pastes with added bacterial nanocellulose and cured at 90 °C for 30 and 120 days in the

context of CO2 reservoir conditions.

This section shows the results obtained for cement cured by method A (see Section 3.2). 16

specimens were carbonated from 2 different mixtures: PC and BNC05. Some were used for

mechanical testing (6), while others were used for microstructural analysis of the core and

areas near the CO2 exposed surface of the specimen.

4.4.1 Supercritical carbonation test

Figure 4.36 shows a longitudinal cross section of samples after 30 days of carbonation.

Brown color represents the most degraded part of cement due to carbonation, the color

probably being due to iron hydroxide released from chemical reactions[13]. PC samples

show a core with less change in coloration compared to BNC05. BNC05 presents some

small voids in their interior, which could allow further CO2 penetration. The penetration

depth had important progress on the cement cured at 90 °C after 30 days of carbonation.

These results are similar to values obtained by other authors considering similar curing

and carbonating conditions[30, 73]. There are some uncertainties based on studies by

previous authors, mainly from the curing conditions before carbonation. Indeed, water to

cement ratio, curing temperature and pressure, and duration will affect the carbonation

depth, so different curing conditions and equal carbonation procedures will yield different

results. Some previous experiences used short curing times for the cement[30, 73], and

show high CO2 penetration, while some other authors performed longer curing periods[69,

179], showing less penetration. Recent works have shown that cement with lower density

allows a higher CO2 penetration[79]. Furthermore, a higher hydration degree is tied with

density increase, and porosity reduction[60]. Thus maintaining a high temperature during

a short curing period will allow deeper CO2 penetration into the cement samples and more

advanced chemical reactions.
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Fig. 4.36.: Samples cured at 90 °C and carbonated for 30 days (left: PC, and right: BNC05).

In this case, 30-days carbonation led to an increase in the density of PC and BNC05

samples. Before carbonation, a slight difference is noted between PC and BNC05 samples,

with densities of 1.89 and 1.87 g/cm3, respectively. Once the samples were carbonated,

density increased until 2.13 and 2.11 g/cm3 for PC and BNC05 (Table 4.12). PC shows

an average mass uptake of 13.2% while BNC05 shows an average of 12.9%, meaning that

fewer chemical reactions have taken place. The mass gain is similar to previous works under

similar conditions[73], however, the penetration depth is different. Our results are closer

to the penetrations observed by Fabbri and co-workers[30], even though our samples are

not fully carbonated after 30 days. This is because our samples are larger, so that more

CO2 is needed to carbonate a larger volume, , while the diffusion of CO2 limits chemical

reactions. In addition, it was observed that a greater number of samples were damaged after

the carbonation process that lasted 120 days, producing cracks or breaks (Figure 4.37).

Samples Reference
Initial density[

g/cm3
] Final density[

g/cm3
] Mass gained

[%]
1 PC-30 days 1.89 2.13 13.2
2 BNC05-30 days 1.87 2.11 12.9
3 PC-120 days 1.89 2.15 13.7
4 BNC05-120 days 1.85 2.16 16.6

Tab. 4.12.: Density and mass gained after carbonation.
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After 120 days of carbonation, the density and mass uptake continued growing until 2.11

g/cm3 for both cements. In this case, mass uptake is higher in samples with BNC05.

Fig. 4.37.: Cracks in samples of cement cured under unfavorable conditions and carbonated for 120
days.

4.4.2 Mercury intrusion porosimetry (MIP) and total porosity

Oven-drying for one week at 85 °C has not significantly affected the MIP porosity or

the pore size distribution when compared to freeze-drying (not oven-dried for one week)

(Figure 4.38). MIP porosity increased for both cement types from 33.7% (freeze-dried) to

34.5% (oven-dried), before the carbonation test, and the characteristic peak is approximately

0.050 µm. Bacterial nanocellulose did not significantly modify the cement in terms of

porosity or pore size distribution when comparing to PC cement cured at 90 °C. Likely,

bacterial nanocellulose does not have the same effect in inhibiting the larger cracks produced

by the high curing temperature.

Calorimetry tests have shown that BNC initially acts as a cement retarder [167, 166]. As

the curing time in this work is short, the porosity of BNC-cement is similar to PC with some

coarser pores at 0.20 µm. Nevertheless, for longer curing periods (e.g. cement cured at

20 °C for 28 days), the cement structure is denser and more compact. In these conditions,

bacterial nanocellulose is more likely be more intricate within a cement matrix and increase

hydration degree [156, 171], as it tends to release adsorbed water, which contributes to the

hydration [111].
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Fig. 4.38.: Pore size distribution of oven-dried (curing method B) and freeze-dried samples.

The MIP results after the carbonation of PC are presented in Figure 4.39. Here we can

observe that the porosity variation along the radial direction leads to smaller pores and

smaller porosity values. At the same time, the characteristic peak is shifted to pores smaller

than 0.010 µm. After carbonation, no significant change is observed due to the addition of

BNC. Porosity decreased to 24.5% at the core and to 21.5% near the exposed surface. BNC05

shows similar results to PC (Figure 4.40), and its porosity decreased at the core to 23.2%

and near the exposed surface to 21%. The slight mass uptake is due to the consumption of

CO2 by the occurring chemical reactions and is reflected by these small porosity variations.

Reduced porosities lead to less diffusion of CO2 into the cement core and therefore increase

the time to reach full carbonation of the samples. Table 4.13 shows the porosity values of

the samples carbonated for 30 and 120 days.

Test Sample BNC [%] Carbonation days MIP porosity [%]
1 PC-Reference 0

0
33.7

2 PC-NC 0 34.6
3 BNC05-NC 0.05 34.5
4 PC-30INT 0

30

24.5
5 PC-30EXT 0 21.5
6 BNC05-30INT 0.05 23.2
7 BNC05-30EXT 0.05 21.0
8 PC-120INT 0

120

14.5
9 PC-120EXT 0 13.4

10 BNC05-120INT 0.05 14.6
11 BNC05-120EXT 0.05 15.2

Tab. 4.13.: MIP experiments on samples cured at 90 °C.

98 Chapter 4 Results and Discussion



0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.001 0.01 0.1 1 10 100

In
c
re

m
e

n
ta

l 
p

o
re

 v
o

lu
m

e
 [

m
L

/g
]

Pore diameter [μm]

PC-NC

PC-30INT

PC-30EXT

MIP-B-00 

MIP-B-00-30-INT

MIP-B-00-30-EXT
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After 120 days of carbonation, the pore size distributions are very similar in shape to

each other for both PC (Figure 4.41) and BNC05(Figure 4.42). This can be due to two

causes: that pore clogging prevents further precipitation or that there is a limit to the rate

of calcium carbonate precipitation that prevents it from dropping below 14% porosity [68,

200]. PC MIP values reach 14.5% for the interior and 13.4% for the exterior, while BNC05

values reach 14.6% and 15.2%, respectively. The second is the most probable case, since in

samples cured at 20 °C, values as low as 5% MIP porosity could be observed. This reduction

rate may be due to the cement running out of portlandite and C-S-H, which limits chemical

reactions, leaving only non-hydrated cement to carbonate. Indeed, the shorter time the

cement had to hydrate means that there are fewer hydration products that can react with

H2CO3.
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In non-carbonated samples, the water porosity is higher in samples with BNC (Table 4.14).

After carbonation, the total porosity is 30% in the interior of the sample, while it is 28%

near the external surface. No major differences are observed in the two types of mixtures.

Test Sample BNC [%] Carbonation days Water porosity [%]
1 PC-NC 0 0 40.1
2 BNC05-NC 0.05 0 42.6
3 PC-120INT 0 120 29.6
4 PC-120EXT 0 120 28.3
5 BNC05-120INT 0.05 120 30.0
6 BNC05-120EXT 0.05 120 28.0

Tab. 4.14.: Water porosity on samples cured at 90 °C.
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4.4.3 Measurement of elastic ultrasound waves and unconfined
compressive strength (UCS)

Table 4.15 shows the mechanical properties determined from VP and VS measurements.

Overall, mechanical properties increase during the carbonation process. UCS tests corrob-

orate this statement. However, these results cannot be directly compared, since one is a

dynamic method, and the other a static one. The carbonated samples show an increment in

compressive strength (Figure 4.43) and their Young’s modulus (Figure 4.44). PC strength

initially was 31 MPa, and after the carbonation stage of 30 days, it increased by 44%, while

BNC05 started with 24 MPa of strength, and it increased by 60%. Both types of cement

initially had Young’s modulus of 20 GPa, unlike the 25 GPa for long-cured specimens in

previous sections, but after carbonation, this modulus increased by 11% for PC and by 18%

for BNC05.

Sample G [GPa] K [GPa] E [GPa] ν

PC - NC 8.4 9.5 19.5 0.16
PC - 30-days C 8.9 12.7 21.3 0.22
BNC05 - NC 7.8 8.5 18 0.15

BNC05 - 30-days C 8.9 9.8 20.5 0.15
Tab. 4.15.: Elastic properties obtained from elastic waves velocities VP and VS.

Under these conditions, BNC05 samples initially have less compressive strength than PC

samples and similar Young’s modulus. These observations depart from the results previously

obtained with cement cured at room temperature over a long period in the previous sections.

Curing at a higher temperature is probably generating larger cracks in the cement, so the

microstructural effect of BNC does not substantially improve the mechanical behaviour. This

effect appears during the carbonation stage because of the retarder effect of BNC or the

superplasticizer, which slow down the hydration rate of the modified cement, and thus the

hydration degree at the end of the initial curing time.
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Fig. 4.44.: Young’s Modulus after carbonation of PC and BNC05 samples for 30 and 120 days.

BNC enhanced the hydration kinetics due to: (1) the hydrophilic properties of the

bacterial nanocellulose [171]; and (2) its ability to release water during hydration [111].
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Nevertheless, after 120 days of carbonation, this effect is reduced and the strength increment

is quite the same between both cement, with a 73% increment (53 MPa) and 78% (43

MPa) for PC and BNC05, respectively. In the case of Young’s modulus, PC cement shows an

increase in value by 43%, while BNC05 an increased by 41%.

From these results, and with reference to Section 4.3, we determined that mechanical

properties (Young’s modulus and strength) will increase during carbonation if the curing

time is short prior to carbonation, while they will decrease if the curing time is longer. After

short curing conditions (90 °C for 72 h), cement will not be fully hydrated. Therefore, the

mechanical performance increment after carbonation will most likely be due to the cement

matrix development by hydration acceleration imposed by temperature in the carbonation

cell. At the same time, the results of the mechanical tests will be linked to the combination

of the effects of cement hydration components and precipitated calcite produced during

carbonation. A new question arise in this situation: for longer times in the carbonation cell,

will the mechanical properties degrade again?. New experiments could determine whether

this is the case or not. On the other hand, cements with a high degree of hydration before

carbonation (cement cured for 28 days at 20 °C) will only experience a drop in strength due

to C–S–H degradation and porosity increase over time [179, 187, 184]. These observations

are intricately linked to the static carbonation conditions. In the present experiment, CO2

penetrates the sample by diffusion in the pore fluid, which is not renewed. However, if

cement carbonation is imposed by a continuously renewed fluid, then the products of

carbonation (mainly carbonates), will in turn dissolve and be flushed out, leading to a

strong increase in porosity of the cement, and degraded mechanical properties.

Since CC̄ has better mechanical performance than CH, CC̄ precipitation should increase

mechanical performance and Young’s modulus of carbonated cement. This effect can occur

here because of the continuous hydration of cement inside the reactor, which links the

precipitated CC̄ with the cement matrix. These two effects increase mechanical properties,

as seen by Fabbri et al. and Sauki et al.[30, 186], but cement hydration plays the most

significant role during the carbonation process. This can also be observed from VP and VS

wave data, where mechanical parameters increased during carbonation.

The moduli obtained from the measurement of elastic waves is dynamic, while that

measured in UCS tests is static. Therefore, they cannot be directly compared, but a similar

trend can be obtained in both tests. Young’s moduli measured by elastic waves are 19.5 and

21.3 GPa for PC before and after carbonation, while for BNC05, measured values were 18

and 20.5 GPa. UCS tests gave values of 20 GPa for both types of cement samples before

carbonation, while after carbonation, these values were 22.2 GPa and 23.6 GPa for PC and

BNC05, respectively.
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4.4.4 X-ray diffraction (XRD)

Figure 4.45 presents the XRD patterns of the samples cured at 90 °C before and after

carbonation.
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Fig. 4.45.: XRD patterns of non-modified cement (PC) and modified cement (BNC05) cured at 90°C
before carbonation (NC), and after 30-days of carbonation (C).

XRD results on cement before supercritical carbonation (Table 4.16) show approximately

60% hydrated material (portlandite and katoite), 25% carbonated material (calcite and

magnesite), and 15% non-hydrated and non-carbonated material (browmillerite).

Crystalline phase [%]
PC BNC05

NC C NC C
Portlandite 32 1 33 -

Katoite 28 - 29 -
Magnesite 10 - 5 -

Brownmillerite 16 6 15 7
Calcite 14 43 18 44

Aragonite - 50 - 49
Tab. 4.16.: Quantification of crystalline phases from XRD results.
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XRD results on cement after supercritical carbonation show no cement hydration materials

(portlandite and katoite). Therefore, it means that complete carbonation is reached. Magne-

site also seems to have been consumed, allowing the formation of more calcium carbonates.

Crystalline carbonated materials amount to approximately 93% of the carbonated cement;

the remaining 7% is C4AF from the clinker phase that did not chemically react.

In this case, the generation of crystals can be seen directly if we cut longitudinally the

sample (Figure 4.46). Up to 6 different zones with different colors can be observed. From

left to center: light brown, beige, darker grey, dark brown, light grey and grey (Figure 4.47).

The results of the PC and BNC05 samples before and after carbonation are similar to each

other, suggesting that the BNC did not significantly affect the microcrystalline structure of

the cement under these curing conditions.

Fig. 4.46.: BNC05 carbonated for 120 days. The image below shows a zoom of the red rectangle.
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Fig. 4.47.: Zoom of a BNC05 sample carbonated for 120 days.

The carbonation process led to significant crystallization that is filling the pores of cement

samples. Figure 4.48 and Figure 4.49 show two different pores one next to the other. One

pore is completely filled, while the other shows that each crystal grows independently.

This is similar to the situation in samples cured at 20 °C. At first, calcium carbonates grow

separately and after certain carbonation time, these crystals start to merge and they develop

a singular structure.

Fig. 4.48.: Crystal growth inside pores. BNC05 sample cured at 90 °C and carbonated for 120 days.
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Fig. 4.49.: Crystal growth inside pores. BNC05 sample cured at 90 °C and carbonated for 120 days.

4.4.5 Conclusion

The microstructure and mechanical changes of cement with bacterial nanocellulose

additions and cured at 90 °C in the context of reservoir conditions were analyzed. Mercury

intrusion porosimetry (MIP), X-ray diffraction (XRD), ultrasonic wave measurements, and

unconfined compressive strength (UCS) tests were performed on BNC-cement samples

subjected to supercritical CO2 conditions to determine their behaviour.

BNC-cement samples show a lower mass gain compared to PC after 30 days of carbonation.

However, after 120 days of carbonation, BNC05 presents a higher mass uptake than PC. The

BNC-cement longitudinal sections present some small voids in their interior, which could

allow further CO2 penetration.

The MIP results show that initially, samples with BNC have the same porosity as the cement

without BNC addition. Lower porosity is observed in cement with BNC after carbonation for

30 days, either in the core or near the exposed surface. After 120 days, the porosity at the

interior is the same for both cements, and is lower for PC near the exposed surface. It is

observed that the reduction of porosity is limited to minimum values of 13/14%, probably

due to total consumption of the hydrated components. Total porosity is higher in BNC05

before carbonation but it is the same at the interior and near the exposed surface after 120

days.
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The XRD results of the PC and BNC05 samples before and after carbonation show no

difference from each other. After carbonation, the dominant crystalline phases are calcite

and aragonite, which indicates the complete carbonation of the material near the surface

exposed to the supercritical fluid.

Unmodified cement samples show a better mechanical performance during carbonation.

However, carbonation in samples with BNC indicates a higher increase in relative strength

than in samples without additions due to the fact that BNC releases water during hydration

inside the carbonation cell.
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4.5 Integral assessment of the cement properties
obtained

This section summarizes the effects of supercritical carbonation on cement, the effect

of bacterial nanocellulose, and permeability analysis based on the results obtained from

mercury intrusion porosimetry.

4.5.1 Microstructure and mechanical behaviour

Figure 4.50 shows the overall effects of carbonation on cement. Carbonation dissolves the

portlandite and induces the precipitation of calcium carbonates, which fill the capillary pores.

The effects of temperature in the carbonation cell, decalcification of C-S-H or interfaces

produced by the carbonation front reduce the strength and Young’s modulus of the material.

Although porosity is reduced over time, this does not lead to an overall increase in strength.

This indicates that the precipitation of stronger materials does not compensate for the loss

of strength.
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Fig. 4.50.: Effect of carbonation on porosity and mechanical strength of specimens cured at low
temperature for 28 days.
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SEM images of Figure 4.29 show greater porosity at the outer edges. In Figure 4.51 is

also observed that the bulk modulus was reduced after carbonation, despite the fact that the

outer edge is the one filled with calcium carbonates, which should resist the isotropic stress.

XRD results show that aragonite is present, a mineral more prone to dissolve in water than

calcite.
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Fig. 4.51.: Effect of carbonation on chemical composition and bulk modulus of specimens cured at
low temperature for 28 days. (Data from Section 4.3)

Bacterial nanocellulose reduced the amount of free water during initial mixing but

increases the cement viscosity. It leads to higher hydration levels for the same curing

conditions and reduced the capillary porosity of the specimens cured for 28 days. After

carbonation, BNC-cement had similar behaviour to cement without addition, but with less

effect on mechanical properties. This is due to the reduction of diffusion and permeability

coefficients that depend on the porosity and tortuosity values.

In the absence of total carbonation of the specimens by this method, a second stage of

carbonation was scheduled. A higher temperature was used (90 °C) for a shorter time

to obtain higher levels of penetration. From this, the minerals present in this cement are

different from the previous one, as well as their volumetric proportion and capillary porosity.

These temperatures can be obtained in wells at great depths. During CO2 injection, CO2 can

displace fluids around the wellbore. The porous medium will contain only supercritical CO2

and a small amount of capillary water in the smaller pores and microcracks.
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With this curing, greater penetration of the carbonation front and an increase in strength

were observed. Large crystals were also observed in the pores, and XRD results showed a

low percentage of portlandite and a high percentage of katoite. No influence of bacterial

nanocellulose was observed in all experimental results. Short curing times and large

pores/cracks inhibit the effect of nanocellulose, which seems to work better when the

cement is cured at a lower temperature.

4.5.2 Permeability estimation

Permeability measures the ability of porous material to transmit fluids. It is a complex

function of the properties of the material, such as porosity, pore geometry, pore size distribu-

tion and tortuosity. We can simplify the calculation to estimate permeability by assuming

cylindrical interconnected pores. We can calculate the pore diameter corresponding to each

mercury pressure step by:

p = −4Υcos (θ)
d

(4.2)

where Υ = mercury surface tension = 0.485 N/m, θ = mercury contact angle = 130°, p

= mercury pressure, d = pore diameter [135].

An estimate of permeability can be made from the results obtained in the MIP test. This

estimation is performed by considering the macro-scale flow with Darcy’s law and the

micro-scale flow with Poiseuille’s law.

Each pore of class i of diameter di has an intrusion volume of mercury Vi, so a length Li
can be determined for each pore class i:

Li = 4Vi
πd2

i

(4.3)

Assuming laminar flow, the Poiseuille’s flow in a cylindrical tube depends on the difference

of pressures at the tube ends, the dimensions of the tube, and the viscosity of the fluid. So

the flow for each tube of diameter di is:

QPoiseuille = ∆V

∆t
= ∆Pi(πd4

i )
128Liη

(4.4)

Where ∆Pi is every mercury pressure step and η is the dynamic viscosity of the fluid.

Once the total flow rate is obtained, Darcy’s law can be used to determine the permeability

at the macro-scale. Let Vt be the total apparent volume of the MIP sample (ratio of total

pore volume to porosity). The average pore length Le is defined as:
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Le = 3
√
Vt (4.5)

The hydraulic gradient i is given by:

i = ∆Pt
Le

(4.6)

Where ∆Pt is the total pressure increase in meters’ water column measured in the MIP.

Therefore, the intrinsic permeability of the material (independent of fluid conditions)

is:

k =
∑n

1 QPoiseuille
iS

(
η

ρfg

)
(4.7)

Where n is the total number of pores of different diameters, S is the cross-section of a

cubic specimen with sides of length Le, ρf is the density of the fluid and g is the gravity.

The calculated permeability accounts for an isotropic flux in a cubic sample. Hence,

it needs to be divided by three to compare with the directional permeability obtained

experimentally. This indicates that the fluid flows equally in the three directions of space

[201].

The specimens analyzed to calculate permeability were carbonated and non-carbonated

samples of both cement types (MIP-B-00, MIP-B-05, MIP-B-00-30-EXT, MIP-B-05-30-EXT).

The permeability results in Table 4.17 are consistent with the intrinsic permeability

values of cement cured at a high temperature. This method simplifies the complexity

of crosslinking between different cylinders of different pore diameters and considers a

tortuosity of 1 [202]. The Li values are very high for small diameter pores, so a higher

deviation error is induced. For this reason, only the results obtained in samples cured at

high temperature and carbonated for 30 days were analyzed.

sample k
[
m2]

MIP-B-00 3.4 x 10−18

MIP-B-00-30-EXT 3.1 x 10−19

MIP-B-05 3.2 x 10−19

MIP-B-05-30-EXT - C 2.6 x 10−19

Tab. 4.17.: Intrinsic permeabilities.

In this analysis, cement with nanocellulose addition appears to have lower permeability

than cement without additions. After carbonation, the permeability values of PC are reduced

by one order of magnitude, while the permeability in cement with BNC addition is in the
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same order of magnitude as the initial value. Experimental permeability tests on carbonated

cement samples are necessary to validate these results.

4.5.3 Comparative overview

Experience Reference cement BNC-modified cement

Characterization of cement
from specimens cured at
low temperature (20 °C)

-

m Higher viscosity.
m Lower free fluid content.
m Lower capillary porosity.
m Enhanced hydration.
m Higher strength.

Carbonation of specimens
cured at low temperature
(20 °C)

m Carbonation increases density.
m Total and capillary porosities
decrease over time at the exposed
edge.
m Total porosity increases at the
core while portlandite content
decreases.
m Strength and stiffness decrease.
m The exposed edge is more porous.

m The lower capillary porosity
limits the entry of CO2 into
the core of the sample.
m Shows higher values in its
mechanical properties in
absolute and relative terms
after carbonation.

Carbonation of specimens
cured at high temperature
(90°C)

m Capillary porosity is higher, so the
carbonation process is faster.
m Total and capillary porosities
decrease over time.
m Strength and stiffness increase.

m BNC does not improve
mechanical or microstructural
properties of cement.

Tab. 4.18.: Summary based on the results obtained.

The overall parameters obtained from mechanical tests do not allow a carbonated speci-

men to be fully characterized. Therefore, a modeling tool is needed to simulate the advance

of the carbonation front and to observe the variations in the physical properties of the

material. For this to happen, the dissolution and precipitation process must be determined

in order to estimate the material response to stresses.

114 Chapter 4 Results and Discussion



5Modeling the carbonation process

5.1 Introduction

This chapter is divided into two sections. In the first, the degree of carbonation of labora-

tory samples is determined from laboratory data, a hydration model and a stoichiometric

balance. The second section performs a more complex simulation from a chemo-hydro-

mechanical model implemented in a finite element code. With this code, carbonated

specimens are represented and extrapolated to a possible carbonation scenario in an oil

well.

5.2 Carbonation degree

The volumetric fractions of cement are calculated from the thermogravimetric analysis,

MIP, total porosity measurements, and from Powers hydration model [203]. To verify these

fractions, the total sample weight (mT ) is calculated in Equation 5.1 by adding the weight

of each hydration product (mi) and compared to the experimental weight.

mT =
∑

mi =
∑

fV iVTρi (5.1)

where fV i is the volume fraction of each hydration product, VT is the total sample volume

and ρi is the bulk density of the hydration product. If we consider total carbonation, the

CH, C-S-H will be completely carbonated, generating CC̄ and AmSi (decalcified C-S-H,

with a Ca/Si ratio constantly decreasing). Since our XRD does not detect ettringite or

monosulfoaluminates, and their volumetric proportions in this type of cements are very

small (< 4%) [54], we do not consider their influence during carbonation in this model. The

increase of mass by precipitation corresponding to complete carbonation can be estimated

from the stoichiometric balance of CH and C-S-H. For simplifying the calculation, and to

compare the different cement mixtures, clinker carbonation is neglected. This assumption

can be made considering that clinker (CL) grains are surrounded by the C-S-H layers that

prevent its carbonation [68]. Thus, the calcite and amorphous silica fractions will be:

fVCC̄
=
(

1 fVCH

VmCH

+ 1.7
fVC−S−H

VmC−S−H

)
VmCC̄

(5.2)
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fVAmSi
=
(

1
fVC−S−H

VmC−S−H

)
VmAmSi (5.3)

where 1 and 1.7 are the CH and C-S-H coefficients of the stoichiometric balance. Vm is

the molar volume of the corresponding components. The capillary porosity will therefore

be:

φ = 1− fVCH
− fVC−S−H

− fVAl
− fVCL

− fCC̄ (5.4)

while the weight of every component will be:

mi = fViVTρi (5.5)

The carbonation degree of the sample (CD) will be the mass uptake of the sample at time

ti (m(ti)) with respect to the mass of precipitate necessary to obtain 100% carbonation

(mFC).

CD =
m(ti)
mFC

(5.6)

mFC =
∑

fViVTρi −m0 (5.7)

where m0 is the initial mass of the sample before carbonation. Table 5.1 shows the

average (µ) and standard deviation (σ) of the carbonation degree. Some BNC15 samples

were damaged after 120 days of carbonation, so their values cannot be entirely relied

upon.

30 days of carbonation 120 days of carbonation
PC BNC05 BNC15 PC BNC05 BNC15

µ 16,97% 10,23% 11,21% 19,06% 13,68% 27.59%
σ 4,12% 2,08% 1,56% 4,90% 3,02% 13.09%

Tab. 5.1.: Carbonation degree and its deviation after 30 and 120 days of carbonation calculated
from the mass balance.

The PC samples show an increase of 17% of carbonation during the first 30 days, while

after 120 days, the carbonation rate has decreased, and a carbonation degree of only 19%

is observed. The BNC05 samples also show this behaviour, but with lower corresponding

values. BNC15 samples have similar values to BNC05 at 30 days, but at 120 days we

observed a considerable dispersion in the results, probably due to measurement errors. In

addition, some samples were broken when the cell was opened. So the BNC15 samples

are included in the table but less reliable than other samples; a new test on these samples

should be performed.

The carbonation degree seems to have a logarithmic behaviour over time (see Figure 5.1).

Initially, a clogging effect is caused by calcite precipitation, which reduces further advance

of carbonation after 120 days [67]. This results in a lower carbonation rate over time. A
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reduction in the degree of carbonation of samples with BNC additions is also observed.

This is due to the increase in hydration degree that increased the number of cement

hydrates. Even though the carbonatable compounds had increased and should influence

the carbonation rate [204], they filled the pore spaces and reduced capillary porosity [60].

This affected the diffusion coefficients, which reduced the CO2 income to the sample and

carbonation reactions. An extrapolation to 100 years was made from these results. shows an

improvement in carbonation resilience of samples with 0.05% of BNC, since PC shows a total

carbonation degree of 35%, while BNC05 shows a carbonation degree of 25%. The results

obtained for BNC15 at 30 days of carbonation are similar to those of BNC05. However, the

results at 120 days make the fitted curve steeper and with higher carbonation levels.
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Fig. 5.1.: Results of the carbonation degree and extrapolation to 100 years for PC, BNC05 and
BNC15.

5.3 Chemo-poro-mechanical model

5.3.1 Fundamentals

The experimental tests are simulated with a chemo-hydro-mechanical coupled model

[205] implemented in a finite element code called BIL 2.3.0 [206].

The code allows to represent the carbonation advance in 1D, 2D o 3D materials. It

contains the balance equations of porous continua based on conservation of mass and

momentum [207]. This model is implemented specifically for class G cement and designed

to be used in the context of CO2 geological storage. It has been validated on a single test

type performed under different curing and carbonation conditions. On this occasion, having

all the initial and final parameters of our cements (volumetric proportions of the compounds,

curing and carbonation conditions, porosities and mechanical strength), we can calibrate

the model and analyze the results using our laboratory data.
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For this model, cement is considered a porous multi-phase material composed of a solid

matrix and water-saturated pores. The skeleton is composed of different materials, such as

calcium hydroxide (CH), calcium silicate hydrate (C-S-H), aluminates, and calcite (CC̄).

CO2 is considered dissolved in the aqueous solution. The chemical reactions start when

the CO2 concentration reaches a threshold value. The chemical reactions are assumed to be

instantaneously [205].

The CH is the first cement hydrate to react with CO2, leading to precipitation of CC̄. Once

the pH level of the solution drops below 9, the carbonation will start to consume the C-S-H,

also precipitating CC̄ and amorphous silica [67].

During cement carbonation, porosity undergoes several variations. Some are due to

chemical reactions, denoted φL for leaching of cement matrix and φC for calcite precipitation.

The other variations of porosity are due to the deformation of the porous medium, with

ϕF and ϕC as the deformation of the porosity filled by fluid phase and by calcite phase,

respectively. The porosities involved can be written as follows:

φF = φ0 + φL − φC + ϕF (5.8)

φ = φF + δC (5.9)

δC = φC + ϕC (5.10)

where φF corresponds to the pore volume occupied by the in-pore fluid per unit of initial

volume of the porous medium, φ corresponds to the initial pore space per unit of initial

volume of porous medium which is not occupied by the solid phase. The difference between

these two porosities is denoted by δC , which is the pore volume occupied by carbonate

crystals [194, 205].

The constitutive equations of isotropic linear poroelastic material of an infinitesimal

representative volume element of a porous medium (∂Ω0) are derived from Gibbs-Duhem

equalities and Clausius-Duhem inequality assuming isothermal conditions.

σ − σ0 =
(
K − 2

3G
)

(εv − ε0) 1 + 2G (ε− ε0)−
∑

k=F,C
bk (pk − pk,0) 1 (5.11)

ϕJ − ϕJ,0 = bJ (εv − ε0) +
∑

k=F,C

pk − pk,0
NJK

; J = F,C (5.12)
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where: σ: is the stress tensor, ε: is the infinitesimal strain tensor, εv: is the volumetric

strain (tr(ε)), K, G = are the bulk and shear modulus in drained conditions, ϕJ : is the

porous volume deformation occupied by the phase J, bJ : is the generalized Biot coefficient,

NJK : is the generalized poroelastic coupling moduli [208],

The mass conservation is applied to the fluid and to the molar amount of CO2:

(
ρfφF
Kf

)
∂pf
∂t

+ ρf b div
(
∂u

∂t

)
+ ρf

∑
Ri

YRi
∂ξRi
∂t
− div

(
ρf

k

η
grad ρf

)
= 0 (5.13)

∂ (φF CCO2)
∂t

+
∑
Ri

aRi
∂ξRi
∂t
− div

(
deff grad CCO2 + CCO2

k

η
grad ρf

)
= 0 (5.14)

Where: ρf is the density of the fluid, φF is the fluid porosity, Kf is the bulk modulus of

the fluid, pf is the fluid pressure, aRi is the stoichiometric coefficient of the reaction Ri,

CCO2 is the CO2 concentration in the fluid, η is the dynamic viscosity of the fluid phase, YRi
is a variable, function of the molar volumes of the reactive and produced species, allowing

to evaluate the variation of pore pressure resulting from the reactions of leaching and

precipitation reactions having impacted the pore volume. u is the skeleton displacement

vector, ξRi is the reaction advance depending on k and deff , which are the permeability and

diffusion coefficients.

The kinetics of the chemical reactions are slowed down in order to soften the carbonation

front (this can be seen as a numerical regularization):

∂ξ

∂t
− (ξmax − ξ)

τ

CCO2

SCO2
= 0 (5.15)

where: ξmax corresponds to the maximum possible advancement calculated from the

quantities of reactants present, SCO2 is the threshold value of CCO2 below which the

carbonation reaction cannot occur, τ is a time constant allowing to more or less soften the

carbonation front.

Chemical reactions (carbonation-dissolution) occurring in the system induce changes in

the transport and mechanical properties of the system. Diffusion and permeability transport

phenomena control the carbonation advance. Empirical permeability–porosity laws are

commonly used for materials which exhibits time-dependent deformation. One can use a

power law such as k/k0 = (φ/φ0)α. Ghabezloo et al. give an expression a class G cement

[176]:
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k = k0

(
φF
φinit

)
10−19 (5.16)

where: k0 is a parameter to calibrate, φinit is the capillary porosity of cement before testing

and φF is the porosity at a given time during the test. Similarly, the variation of the porosity

must be taken into account in the expression of the effective diffusion coefficient considering

a porous medium. The effective diffusion coefficient is φD, while D is the diffusion coefficient

of the solute in the interstitial pore solution. Based on experimental data, Mainguy and

Coussy [175] propose the following expression for the effective coefficient of diffusion:

deff = d0
eff exp(9.95φF − 29.08) (5.17)

where: d0
eff is a parameter to calibrate. These equations are empirical and aimed at

reasonably representing the transport phenomena occurring within the cement matrix.

Parameters k0 and d0
eff can be modified to obtain values of intrinsic permeability and

diffusivity suitable for class G or H cement.

5.3.2 Homogenization of the poroelastic parameters

In this section, a homogenization technique is used to calculate the poroelastic moduli of

the cement paste during the dissolution/precipitation processes induced by its carbonation.

All cement components (including CH, C-S-H, calcite, hydrated silicates and chemically

inert phases) have to be considered in the homogenization analysis in terms of their

mechanical contribution to the overall stiffness [205]. The poroelastic parameters can be

then determined from the constituents properties following the relations [209]:

Khom
d =

∑
r

frkrA
v
r (5.18)

Ghomd =
∑
r

frgrA
d
r (5.19)

bhom = 1−
∑
r

frA
v
r (5.20)

1
Nhom

=
∑
r

fr
1−Avr
kr

(5.21)

whereKhom
d is the drained bulk modulus,Ghomd is the drained shear modulus, bhom is Biot’s

parameter, Nhom is the Biot skeleton modulus, fr is the volumetric proportion of the phase
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r, kr and gr are the elastic parameters of the solids r and Avr and Adr are the volumetric and

deviatoric strain localization coefficients. In the current study, a homogenization formulation

was implemented for this case, adding the BNC characteristics. As carbonation advances,

homogenization allows us to know the poroelastic parameters of the cement paste at each

step of time.

5.3.3 Isotropic damage

From a microscopic point of view, the damage corresponds to the creation of microcracks.

In the theory of damage, effective stress, now called damaged stress, is based on a decrease

of the effective area due to the appearance of micro-cavities [210]. Considering damage as

isotropic, a simplification for calculating the damaged stress can be made:

σ̃ = σ′

1− d (5.22)

When d = 0, there is no damage. When damage is between 0 and 1, the material is in a

damaged state. If d = 1, the material is broken.

A damage criterion is introduced via the definition of a yield surface in the stress space.

The interior of the yield surface (fd < 0) corresponds to the effective stress space for which

no damage occurs, and the exterior (fd > 0) the space for which the effective stress state

cannot be reached. Thus, as long as the stress state remains within the yield surface, the

damage will not evolve. Similarly, if the stress state reaches the loading surface, but the

material point under study is subjected to unloading, there will be no evolution of the

damage. On the other hand, if the stress state is on the yield surface and the loading

increases, damage will occur.

The model adopts a Drücker-Prager criterion, suitable for the behaviour of geomaterials

under high confinement [207]. The criterion takes the following form:

fd = q + ff σm − cc (5.23)

where q and σm are the deviatoric stress and effective mean stress, while ff and cc are

parameters depending on the friction angle ϕ of the material and its cohesion c:

ff = 6sinϕ
3−sinϕ

cc = 6cosϕ
3−sinϕc

(5.24)
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5.3.4 Damage evolution

The mean and deviatoric stresses are evaluated from the imposed deformation and the

homogenized modulus

σm = σm0 +Khom
d ∆εv (5.25)

q = q0 +Ghomd ∆εs (5.26)

with εv = tr(ε) and εs =
√

2
3 J2(ε). ∆εv and ∆εs are the increments of the volumetric

and deviatoric strains.

Once the stress state reaches the Drücker-Prager criterion and fd is greater than zero, the

damage is calculated in function of an increment of deviatoric and volumetric deformations

[207]:

dn+1 = 1− cc − q − ffσm
3Ghomc ∆εs + ffKhom

c ∆εv
(5.27)

where Khom
c and Ghomc are the compressibility and shear modulus of the homogenized

medium right before reaching the criterion. And the new damaged stress state will be:

σ′ = σ0 + (1− dn+1) {2Ghomc (ε− ε0)(Khom
c − 2

3G
hom
c )[tr(ε)− tr(ε0)]} (5.28)

Finally, the mechanical modulus is affected with the calculated damage of Equation 5.27.

Khom
n+1 = (1− dn+1)Khom

d (5.29)

Ghomn+1 = (1− dn+1)Ghomd (5.30)

5.3.5 Dissolution and precipitation of CH, C-S-H and CC̄

It has been observed that CH and C-S-H carbonate simultaneously [211], although

thermodynamically CH should be consumed first so that C-S-H can carbonate. Morandeau

et al. proves that there is a simultaneous carbonation of CH and C-S-H, indicating that

the carbonation rate in both phases is similar at the beginning, and then the rate of CH

decreases [67]. The decrease in the rate of CH carbonation is due to problems of CO2
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accessibility to carbonate this material, leaving residual CH at the outer edge. This was

observed in our X-ray diffraction results. This points also highlights that C-S-H is the main

responsible for the porosity variation.

We consider a rate of C-S-H variation based on Morandeau et al. tests, approximating a

carbonation ratio between CH and C-S-H of 0.8. This ratio is conservative, but similar to the

ones obtained from the TGA test and Gamma-ray attenuation method [67]. Once all the CH

is consumed, the carbonation rate of C-S-H returns to 1 mole of C-S-H consumed per 1.7

moles of precipitated CC̄, as indicated in Equation 2.18.

Calcite dissolution has been added to the code in order to contemplate this effect in the

cement matrix. The equilibrium between CH and CC̄ comes from the following relationships

proposed by Shen [212]:

QCC̄
KCC̄

= QCH
KCH

ρCO0
2

ρCH
CO0

2

(5.31)

where QCH and QCC̄ are the CH and CC̄ ions activity. KCH and KCC̄ are the equilibrium

constants for CH and CC̄ at a given temperature. ρCO0
2

is the dissolved CO2 concentration

and ρCH
CO0

2
is the dissolved CO2 concentration for which CC̄ is not stable.

There is a domain where only CH is stable
(
QCH
KCH

= 1
)
:

nCH ≥ 0, ρCO0
2
< ρCHCO0

2
,
QCC̄
KCC̄

< 1 (5.32)

where nCH is the number of moles of CH. And there is a domain where only CC̄ is stable(
QCC̄
KCC̄

= 1
)

is:

nCC̄ ≥ 0, ρCO0
2
> ρCHCO0

2
,
QCH
KCH

< 1 (5.33)

where nCC̄ is the number of moles of CC̄. So the dissolution of CH and CC̄ can be modeled

with one variable ζ :

ζCa = nCC̄ + nCH
n0
Ca

+ log

[
max

(
QCH
KCH

,
QCC̄
KCC̄

)]
(5.34)

where n0
Ca is the initial content of CH (mol/L). The numbers of moles of the first term

are known. If ρCO0
2
≥ ρCH

CO0
2

there is no CH, and the CC̄ dissolution can be calculated by the

following expression:
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ζCa = nCC̄ + nCH
n0
Ca

+ log

(
QCC̄
KCC̄

)
(5.35)

Calcite is dissolved in solution if ζCa is less than or equal to zero. If we consider CO2 and

bicarbonate dissolved in water [213], we can obtain their equilibrium constants at 90 °C

[212]:

Ka1 =

[
HCO−3

] [
H+]

[CO2] = 10−6.37 (5.36)

Ka2 =

[
CO2−

3

] [
H+][

HCO−3

] = 10−10.13 (5.37)

While the concentration of calcium carbonate is governed by the solubility product

constant of the mineral:

Ksp =
[
Ca2+

] [
CO2−

3

]
= 10−9.12 (5.38)

With these constants we can determine the concentrations of any of the species in solution

as a function of the CO2 concentration:

[
H+

]3
= [CO2]2 (Ka1)2 (Ka2)

2 (Ksp)
(5.39)

[
HCO−3

]
= [CO2]2 (Ka1)

[H+] = 2 (Ksp)
[
H+]2

(Ka1) (Ka2) [CO2] (5.40)

[
CO2−

3

]
= [CO2] (Ka1) (Ka2)

[H+]2
(5.41)

So QCC̄ for each given CO2 concentration is given by:

QCC̄ =
[
Ca2+

] [
CO2−

3

]
=
[
CO2−

3

]2
(5.42)

To analyze these effects, a 1D carbonation model was analyzed. The problem is adapted

to be solved with the finite element method, which is better suited to take into account the

mechanical aspects, but is more unstable in the presence of steep fronts with respect to a

variable. The model consists of 100 finite elements, which have properties of cement. On

one side a CO2 concentration of molarity 1.2 is placed as a boundary condition for 10 days
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(Figure 5.2). In this case, the model only considers hydro-Chemical effects, and the rock is

considered as inert.

cement Rock

2 cm [CO2] = 1,2 mol/L

σrr = -20 MPa

Pliq = 10 MPa

Fig. 5.2.: 1D cement carbonation model.

Figure 5.3 shows the dissolution of C-S-H simultaneously with CH, and the CC̄ dissolution

when the CO2 concentration is higher than ρCH
CO0

2
, while Figure 5.4 the variation in the

number moles of each cement component as a function of time.
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Fig. 5.3.: Volumetric proportions of the 1D carbonation model.

At the right outer edge (up to 0.1 mm), it can be observed that the porosity starts to

increase. This is due to the dissolution of calcite from the criterion that was established.

This results in only amorphous silica (inert components in the image) being present in the

cement matrix, along with a small remaining percentage of calcium carbonates.
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Fig. 5.4.: Variation in the number of moles as a function of time. These results are those obtained
at the outer edge in contact with supercritical CO2.

Not all calcium carbonates dissolve at the outer edge of the sample due to the established

criterion that calcite remains in solid state while ζCa is higher than 0. This determines a

threshold of CO2 concentration for the calcite dissolution, which depends on the initial

conditions of the material.

This consideration allows to reproduce the simultaneous dissolution of CH and C-S-H,

and calcite dissolution when the CO2 concentration is high enough, which decreases the

mechanical properties as observed in the experimental results.

5.3.6 Modeling in cement cured at room temperature

In this section, the numerical analysis of the samples cured at room temperature and then

carbonated under supercritical condition was performed. The initial volumetric proportions

were taken from the previous analysis in Section 5.2. Calcite is not considered to be present

prior to carbonation.
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The geometry chosen is one-quarter of the testing cement samples with axisymmetric

conditions in X. Considering symmetries, a 2D rectangular shape model was used. The

rectangular shape consisted of one-quarter of a sample (19 mm-radius by 38 mm-height)

using a mesh of 22x11 elements (Figure 5.5). The bottom horizontal contour has restricted

movements in the Y direction, while the left vertical contour has restricted movements in

the X direction.

First, uniaxial compression is performed without carbonation on this geometry (case a).

The confining pressure is the atmospheric pressure and a vertical deformation is applied by

compressing the specimen at a constant rate until failure of the material.

19 mm

3
8

 m
m

Initial conditions of 

the body:

X and Y 

displacements

unrestricted

CO2 = 0.03 mol/l

19 mm

σ3

Initial conditions of 

the body:

X and Y 

displacements

unrestricted

CO2 = 0.03 mol/l

Contour conditions

CO2 = 1200 mol/l

Pressure= 20 MPa

(a) (b)

Contour conditions

CO2 = 0.03 mol/l

Imposed vertical deformation

Fig. 5.5.: 2D model representation of one-quarter sample subjected to carbonation using the code
BIL. Case (a) uniaxial test. Case (b) supercritical carbonation.

The volumetric proportions used for the case of samples with bacterial nanocellulose

are shown in Table 5.2. The components considered inert are aluminates and clinker (See

Section 5.2).
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Inclusion Volumetric Proportion Bulk Modulus [GPa] Shear Modulus [GPa]
Porosity 0.18 - -

CH 0.22 33.00 14.50
C-S-H 0.51942 25.00 18.40

Inert components 0.08 27.00 9.50
CC̄ 0.00 69.00 37.40

BNC 0.00058 42.00 38.00
Tab. 5.2.: Initial properties of cement with bacterial nanocellulose cured at room temperature. BNC

values are conservative and determined from the literature [214, 215, 216].

The stress-strain curves are linear up to the yield (damage) stress and thereafter are

constant for the uniaxial test (Figure 5.6). This is due to the fact that the model does not

calculate the material’s plasticity, and only isotropic damage is considered from the elastic

limit onwards. The displacements are shown in Figure 5.7, where uniaxial compression pro-

duces negative vertical displacements, while it produces positive horizontal displacements.

The results are approximate to the maximum load of 55 MPa obtained in the uniaxial tests

on cylindrical specimens.
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Fig. 5.6.: Uniaxial compressive stress for a non-carbonated sample.
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X displacements Y displacements

Fig. 5.7.: Total displacements in the X and Y direction.

The effect of isotropic damage can be seen in Figure 5.8. Assuming that it is loaded until

the yield stress and then unload, damage occurs on the specimen, which reduces its elastic

properties. When it is reloaded, the stress reaches the same maximum value, but with a

different modulus of elasticity.
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Fig. 5.8.: Behaviour of the elastic modulus when damage is applied to the sample.
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From Equation 5.29 it is determined that the elastic moduli are directly affected by the

damage produced. Figure 5.9 shows how the modulus of compressibility K varies with time,

following the loading and unloading sequence plotted in Figure 5.8. In the elastic domain,

there is no variation of the modulus until yield stress is reached. If the sample is compressed

further, damage begins to occur and the compressibility modulus decreases (Figure 5.10).

When unloaded, the compressibility modulus keeps the last value calculated from the dam-

age, so when the sample is reloaded, the slope is less steep. The simulation continues until

the moment when the damage is equal to 0.5 (Figure 5.11), so the deformation rate is

maintained until that point is reached, calculating at each step the new damage and the

new compressibility modulus, which is decreasing.
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Fig. 5.9.: Behaviour of the compressibility modulus when damage is applied to the sample.
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Fig. 5.11.: Damage evolution under uniaxial loading.
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This geometry (Figure 5.5) is now tested at 20 MPa of confinement and a temperature of

90 °C for 30 days of carbonation (case b). As the code considers isothermal conditions, the

fluid and gas conditions are set for a temperature of 90 °C. The top and right-hand contours

are subjected to carbonation.

Figure 5.12 shows the advance of CO2 concentration after 30 days of carbonation. The

carbonic acid enters the sample by diffusion and reacts chemically with the hydration

products. This causes a variation of porosity at the carbonation front and an increase of

porosity at the calcite dissolution front as observed in the experimental results. Also it

results in a reduction in the numbers of CH and C-S-H moles, and an increase in the number

of CC̄ moles at the carbonation front. Near the edge, where the CO2 concentration is higher,

calcite dissolves generating calcium ions and H2O, so the number of CC̄ moles decreases in

this sector (see Figure 5.13).

CO₂ concentration Porosity

Fig. 5.12.: CO2 concentration and capillary porosity after 30 days of supercritical carbonation.
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Moles of CH Moles of C-S-H Moles of CC

Fig. 5.13.: Number of moles of portlandite, C-S-H and calcite after 30 days of supercritical
carbonation.

Because of carbonation, the mechanical properties of the cement are reduced, so the

material breaks at lower stress and lower deformation. The results are similar to those

obtained in laboratory experiments, as shown in Figure 5.14 below.
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The non-carbonate experimental specimens reach brittle fracture at the same time as when

the model failure surface is reached. In this case, the model continues its calculation until

damage = 0.5, so the material continues to deform. In the case of carbonate samples, the

experiments and the model reach fracture at the same time, although the model experiences

greater deformation.

5.3.7 Modeling cements with bacterial nanocellulose cured at
reservoir temperature

In this section, the numerical analysis of the carbonated BNC samples is presented. A 2D

analysis is performed simulating the experimental carbonation of the cylindrical samples

cured at reservoir temperature (90 °C) and carbonated for 30 days. Calibration of the model

is made by taking the porosity values obtained experimentally to estimate the intrinsic

parameters of this cement. The calibrated model is extrapolated to simulate in 1D the

cement carbonation in a wellbore system under downhole conditions.

Initial parameters and intrinsic properties of cement

In this section, we estimate the cement parameters from our experimental results and

from the literature, since the previous model can only be used for room temperature curing.

Porosity is very variable for cement and depends mainly on the water to cement ratio and

on the type of curing in which the specimen is placed. Some authors estimate porosities

greater than 30% [32, 73, 217, 218], while others and this work approximate it from 20%

to 30% [219, 176, 58, 220]. Regardless of the kind of oil cement in question (G or H),

it can be generalized that the capillary porosities of oil cement are around 20% to 35%.

The initial porosity of the samples in this work before carbonation is 34.5% as indicated in

Section 4.4.

The volumetric content of cement minerals depends substantially on the cement type,

water to cement ratio, hydration degree, and curing temperature. So, it is necessary to

estimate these proportions for the simulation. In some articles, the amount of Portlandite

CH varies between 15 to 25% [176, 175], with commonly accepted values ranging from

18 to 20% [205]. In the results of the previous section, using the same cement and same

water to cement ratio, a percentage of 20% was obtained by thermogravimetric analysis in a

cement with a high level of hydration. Class G and H cement have very low initial aluminate

contents following API requirements aiming at being resistant to sulfate attacks (C3A ≤ 3%

and C4AF + 2 C3A ≤ 24%). So the hydrated aluminate components have a low percentage,

around 6 to 14% [205, 219, 221]. Finally, the most important phase of cement in terms of

compressive strength, C-S-H, can vary between 60 to 27% in volume fraction [205, 221].
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The intrinsic permeability is independent of the conditions to which the material is initially

subjected, at least directly. Since cement is a heterogeneous material, there is no unique

intrinsic permeability value for cement. Nelson et al.[39] in their experiments report values

of 1x10−16 m2 to 1x10−20 m2. This is supported by Ghabezloo et al. [176] and Mainguy et

al. [175], who obtain values in the order of 1x10−19 m2 to 1x10−20 m2. Sercombe et al.

[220] show values of 1x10−16 m2 after excessive heating on hardened cement paste, so it

can be assumed that this order of magnitude refers to cracked cement.

The diffusivity of cement for class G and H has also been variable, as reported by different

authors. Huet et al. [222] performs a compilation of the different transport mechanisms of

cement G subjected to an environment of supercritical CO2 and quotes diffusivity values of

1x10−12 m2s−1 down to 1x10−14 m2s−1. Mainguy et al. [175] give an example of diffusion

in the order of 1x10−12 m2s−1, and Vallin et al. [205] determine a value of 1x10−10 m2s−1

from reverse analysis. Furthermore, Shen [223] quotes the values of different aqueous

species in the order of 1x10−9 m2s−1.

To obtain the diffusion and permeability parameters for this particular cement for later use

in the simulation at reservoir level, a porosity value equal to the experimental value of 34.5%

for the first simulation is considered. As the rest of the volumetric proportions are variable,

values were adopted from literature considering a 0.05% content of BNC: C-S-H 40.5%, CH

18%, aluminates 6.942%, and BNC 0.058%. The remaining compounds are classified as inert

components, including amorphous silica which is a carbonation product. It is considered

that there is no calcite prior to carbonation. CO2 concentration is calculated considering:

water volume, temperature, pressures, and mole fraction of CO2 from experiments. The

calculations give values of 1200 mol/m3.

The initial parameters for fluid and cement are listed in Table 5.3, where ηvis is the fluid

viscosity, KF the fluid compressibility, ρF is the fluid density, Rc is cement compressive

strength, and Rt the tensile strength.

ηvis[MPa.s] KF [MPa] ρF [kg/m3] Rc[MPa] Rt[MPa] ff cc
0.5 10−9 2200 1000 24 2.4 1.135 31.35

Tab. 5.3.: Initial media properties for simulations.

Table 5.4 shows the molar volumes of the compounds involved.

νsCH νsC−S−H1.6
νsCC νsAmSi νfH2O

33.1 84.7 36.9 31 18.85
Tab. 5.4.: Molar volumes in cm3/mol.
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The 2D model is the same as in the previous section (Section 5.5). The lower horizontal

contour has restricted movements in the Y direction, while the left vertical contour has

restricted movements in the X direction. The top and right-hand contours are subjected to

the carbonation conditions. Table 5.5 shows the initial conditions for modeling.

Inclusion Volumetric Proportion Bulk Modulus [GPa] Shear Modulus [GPa]
Porosity 0.345 - -

CH 0.18 33.00 14.50
C-S-H 0.405 25.00 18.40

Aluminates 0.06942 27.00 9.50
CC̄ 0.00 69.00 37.40

BNC 0.00058 42.00 38.00
Tab. 5.5.: Initial properties of cement with bacterial nanocellulose for the simulation under

downhole conditions.

The well-system modeled consists of a CO2 reservoir drilled and refilled with a steel

casing protected by an annular cement geometry. We used the same transport values after

determining the advection and diffusion parameters from the previous simulation. The

model for the wellbore simulation assumes 1D axial symmetry under plane strain conditions

in the axial direction. The mesh of ¾ of an inch (19 mm) represents the annular cement

thickness and allows studying the progress of carbonation from the outer surface towards

the inner cement. It consists of 502 elements that have the properties of the modified

cement with BNC. Previous conditions for temperature and fluid pressure are considered

(that is 90 °C and 20 MPa) with a 1.2 CO2 molarity.

Results and discussion

First, a sensitivity analysis of parameters to calibrate the numerical model is made to

reproduce the experimental penetration results. Table 5.6 and Table 5.7 show the values

of the intrinsic permeability and diffusion coefficient varying k0 and d0
eff . As it can be

observed, the values of permeability and diffusivity are in the range of the admissible values

for cement class G previously mentioned.

Porosity
Parameter k0 [m2]

0.1 1 10 100 350 500
0.345 2.24−19 2.24−18 2.24−17 2.24−16 7.86−16 1.12−15

Tab. 5.6.: Values of k for different values of k0.

Porosity
Parameter d0

eff [m2/s]
0.1 1 10 100 350 500

0.345 7.27−13 7.27−12 7.27−11 7.27−10 1.16−9 2.18−9

Tab. 5.7.: Values of deff for different values of d0
eff .
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By calibrating the model for k0 = 350 and d0
eff = 160, a representation of the entire sample

consistent with the MIP experimental results of porosity can be observed in Figure 5.15.

Results clearly show how the carbonation advanced into the core. The 1D image shows

the porosity variation as a function of the radius. The material near the exposed surface

is completely carbonated, and the porosity reaches 21%, while at the core, the porosity

average is similar to the 23.2% from the MIP experiments.

0 days

Fig. 5.15.: Left: Results of the simulation showing the variation of porosity in the experimental
BNC05 sample of 38 mm by 78 mm for values of k0 = 350 and d0

eff = 160. Right:
Results of porosity in 1D.

Figure 5.16 shows in more detail the dissolution and carbonation fronts. The blue line

corresponds to the starting point of the chemical reaction of CH, while the red line is the

limit between the carbonation process and where the hydrated products have already been

carbonated. Some authors consider that the carbonation front or penetration depth follows

a linear trend as a function of the square root of time (consistently with the fact that the

chemical reactions are limited by the diffusion of CO2 within the fluid phase)[84, 67].

Nevertheless, this is usually based on the phenolphthalein test which only considers the

pH below 9. With the present model, we can distinguish the two fronts. In a first contact

between the cement and supercritical CO2, there is a significant decrease in CH and C-S-H

content that lasts for the first few days. After 10 days, the dissolution front reaches the

center of the cement sample. The fully carbonation front advances almost linearly in time

but, it does not reach the cement center. Calcite is mostly deposited in the material near the

exposed surface, decreasing its porosity, while in the core, it has not yet fully precipitated.
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Fig. 5.16.: Dissolution and carbonation fronts development over time. The blue line corresponds to
the starting point of the chemical reaction of CH, while the red line is the limit between
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Even though the dissolution front has reached the center, the chemical reactions between

CO2 and CH/C-S-H, which produce CC̄ and water are still taking place in a region located

1 cm away from the center, meaning that all CH and C-S-H have not yet been completely

leached after 30 days in these conditions.

The calibrated parameters are extrapolated to the cement submitted under downhole

conditions in the context of CO2 geological storage. We have to keep in mind that in

the experimental results, curing and carbonation conditions are unfavorable to cement.

However, the numerical model can be adapted to any condition considered. From this

approach, additional characteristics of the variability of the carbonation front using these

transport parameters can be obtained such as permeability variations throughout the sample

(Figure 5.17). Carbonation advance forms calcite from CH and C-S-H, which grows inside

the pores, this produces a reduction of the porosity and, as a consequence, a decrease in

permeability and diffusivity, that slow down the entry of more CO2 to the cement core.

In Figure 5.17, this can be seen as a clogging effect. After 5 days of carbonation, we can

observe a considerable CO2 penetration, but after 5 more days, the penetration rate has

significantly slowed down.
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Fig. 5.17.: Permeability variation over time along the annular cement thickness of 3/4 inch

5.3.8 Conclusion

By performing a mass calculation and stoichiometric balance of the carbonation process

in the samples, the carbonation degree of the experimental samples was calculated. The

carbonation degree of BNC05 and BNC15 turned out to be less than for PC after 30 days of

carbonation. After 120 days of carbonation, BNC05 continues having less carbonation than

PC. BNC15 increases its carbonation level greatly, although this value is questionable since

some specimens were broken when the cell was opened and measurement errors are likely

to have occurred.

A chemo-poro-mechanical model of scCO2 attack on a cement annulus of an abandoned

oil well in the context of CO2 storage was presented. A modification on the formulation was

implemented to add the nanocellulose characteristics. Modifications were made to the base

code to account for the simultaneous dissolution of CH and C-S-H, and also the dissolution

of calcite when the supercritical CO2 concentration is high enough.

The experimental data and simulation results were back analyzed to determine the

properties of the cement used. Once these properties were known, a simulation under

downhole conditions in the context of CO2 geological storage was represented.

Results show a decrease in permeability and hydration products over time and the advance

of the dissolution and carbonation fronts. The numerical study shows the advantage of the

use of this type of tool for the study of possible real scenarios of CO2 injection processes in

deep wells. It can be adapted to different systems under different established conditions.
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6Conclusions and perspectives

6.1 Conclusions

Rheological, mechanical, thermal, and microstructural tests were performed on samples

with different percentages (0%, 0.05%, 0.10%, 0.15%, 0.20%) of bacterial nanocellulose

(BNC). 11 free fluid and 6 thickening-time tests were performed to characterize the slurry

with BNC. The mechanical behaviour of the hardened state was investigated through the

dynamical mechanical analysis (DMA) of 20 samples, measurements of 32 elastic ultrasound

waves, 84 unconfined compressive strength (UCS) and 25 triaxial experiments (21 isotropic

and 4 compressive tests). A total of 64 cylindrical specimens were subjected to supercritical

CO2 conditions (20 MPa and 90 °C) for 30 and 120 days with several percentages of nanocel-

lulose using two curing methods, one long-term curing at low temperature (36 specimens)

and one short-term curing at high temperature (32 specimens). The microstructure and

crystalline characterization were studied by means of thermogravimetric analysis (TGA) of 9

samples, mercury intrusion porosimetry (MIP) of 52 samples, water porosity of 60 samples,

scanning electron microscopy (SEM) and X-ray diffraction (XRD) of 10 samples.

The conclusions from the tests and simulations performed can be separated into four

sections:

Effect of nanocellulose on non-carbonated cement.

Results indicate that the addition of BNC between 0.05% and 0.20% BWOC produces a

significant decrease in the amount of free fluid and reduces the thickening time of cement

slurry, but retains a greater amount of water which aids in its subsequent hydration. It was

necessary to use up to 0.35% superplasticizer for the cement to have a viscosity similar to that

of the reference cement. The gydration improvement was observed in its microstructure,

where a higher degree of hydration, and a decrease in porosity were observed. This

increase in hydration was likely the reason that cements with nanocellulose had a uniaxial

compressive strength up to 20% higher than neat cement. It was also observed that higher

BNC contents improve the thermomechanical behaviour under oscillating bending stress.

Triaxial results also show an improvement in the compressibility moduli of cements with BNC

and similar or higher ultimate strength. The MIP results show that the samples with BNC

have lower capillary porosity, although with some heterogeneity because the distribution of
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BNC in the mixture was not perfect. BNC exchanges the capillary porosity (reducing it) by

gel porosity (increasing it).

Effect of carbonation on cements with added bacterial nanocellulose cured at room tempera-

ture.

Density increased in all specimens, but cement with 0.05% of BNC was the lightest. An

extensive degraded zone was seen at the top of the specimens, but radially, the cement was

less damaged. Cement with 0.05% of bacterial nanocellulose presents a lesser degraded

zone and is not affected at the center of the sample as the other mixtures.

The microstructure shows that the capillary porosity decreases steadily to values of 5%

during 120 days of carbonation, which reduces the penetration of carbonic acid into the

specimen, while gel porosity was decreasing during the first 30 days of carbonation. Gel

porosity increases again after 120 days of carbonation, suggesting C-S-H decalcification.

Total porosity at the end of the experiments resulted in a lower value than the initial one.

At the core, capillary porosity was reduced in neat cement (PC) and BNC15 samples but

not for BNC05. Here, the pore size distribution has varied and oven porosity has increased,

with a reduction of largest pores, and an increase in gel pores.

Carbonation generates a reduction in the mechanical strength and Young’s modulus of

all specimens. Neat cement shows a continuous decline in strength, while specimens with

BNC maintain the same strength from 30 to 120 days. Specimens with BNC show higher

values of their mechanical properties compared to PC in absolute and relative terms before

and after the carbonation process. A decrease in the compressibility modulus of cement in

triaxial tests is also observed, although BNC05 maintains values higher than PC.

TGA results indicate that BNC05 cement has lower amounts of carbonates with respect to

PC, mostly aragonite, either in the core or near the surface exposed to CO2. XRD results

show higher amount of CH in samples with BNC before carbonation. SEM images on all

carbonated cement samples show fully crystalline surface after 120 days of carbonation,

instead of the amorphous surface observed in non-carbonated cement. They also show

carbonates growing in the form of sheets overlapping each other, pore crystallization, and

dissolution of calcium carbonates near the exposed surface.

Effect of carbonation on cements with added bacterial nanocellulose cured at high temperature

(90 °C).

BNC specimens show a lower mass gain compared to PC after 30 days of carbonation.

However, after 120 days of carbonation, BNC05 presents a higher mass uptake than PC. The

BNC-cement longitudinal sections reveal some small voids in their interior, which could

allow further CO2 penetration. The considerable increase in porosity dulls the short-term
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hydration effects and the strength of cements with nanocellulose is lower prior to the

carbonation process.

The MIP results show that initially, BNC-cement samples own the same porosity as the

cement without BNC addition. Lower porosity is observed in cement with BNC after being

carbonated for 30 days, either in the core or near the exposed surface. After 120 days, the

porosity at the interior is the same for both cement (PC and BNC05) and is lower for PC

near the exposed surface. It is observed that the reduction of porosity is limited to minimum

values of 13/14%, probably due to the total consumption of the hydrated components. Total

porosity is higher in BNC05 before carbonation, but it is the same at the interior and near

the exposed surface after 120 days.

The XRD results of the PC and BNC05 samples before and after carbonation show no

difference between them. After carbonation, the dominant crystalline phases are calcite

and aragonite, which indicates the complete carbonation of the material near the surface

exposed to the supercritical fluid.

Unmodified specimens show a better mechanical performance during carbonation. How-

ever, carbonation in specimens with BNC indicates a higher increase in relative strength

than in cements without additions.

Numerical simulations of cements with bacterial nanocellulose.

The carbonation degree of BNC05 and BNC15 turned out to be less than for PC after

30 days of carbonation. After 120 days of carbonation, BNC05 continues to have less

carbonation than PC. BNC15 showed great increase in its carbonation level, although this

value is questionable since some specimens were broken when the cell was opened and

measurement errors are likely to have occurred.

A chemo-poro-mechanical model of scCO2 attack on a cement annulus of an abandoned

oil well in the context of CO2 storage was presented. A modification on the formulation was

implemented to add the nanocellulose characteristics. Adjustments were made to the base

code to account for the simultaneous dissolution of CH and C-S-H, and also the dissolution

of calcite when the scCO2 concentration is high enough.

The experimental data and simulation results were back analyzed to determine the

properties of the cement used. Once these properties were known, a simulation under

downhole conditions in the context of CO2 geological storage was represented.

Results show a decrease in permeability and hydration products over time and the advance

of the dissolution and carbonation fronts. The numerical study shows the advantage of the

use of this type of tool for the study of possible real scenarios of CO2 injection processes in

deep wells. It can be adapted to different systems under different established conditions.
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6.2 Perspectives

More detailed work on the effect of nanocellulose at different curing temperatures would

be relevant to perform, also considering different water-cement ratios. The present work

only evaluated the influence of nanocellulose after curing the cement for 28 days, so more

information is needed to have a better understanding at early ages.

It would also be of interest to make a comparison between cements cured at different

ages and carbonate them under the same condition. Here we have performed carbonation

only for two curing conditions, so the effect of hydration/carbonation could be studied to

have more information regarding the microstructure and mechanical behaviour before and

after carbonation.

Tests studying the permeability of cement during the carbonation process would be of

value to evaluate possible gas migrations due to microstructural variations.

More focused work on the study of crystallization pressure could determine its effects on

cement. From there, this model could be added to the code to assess the damage caused to

the sample during carbonation. Additionally, this numerical code could be extended so that

the temperature is coupled to it.
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AAppendix

A.1 Unconfined compressive strength (UCS)

Test Reference Curing days Quantity BNC content [%] Strength [MPa]
1 UCS-00-01 1 3 0.00 6.9
2 UCS-05-01 1 3 0.05 6.3
3 UCS-10-01 1 3 0.10 6.1
4 UCS-15-01 1 3 0.15 6.1
5 UCS-20-01 1 3 0.20 5.9
6 UCS-00-07 7 3 0.00 32.5
7 UCS-05-07 7 3 0.05 38.4
8 UCS-10-07 7 3 0.10 38.7
9 UCS-15-07 7 3 0.15 29.3
10 UCS-20-07 7 3 0.20 33.8
11 UCS-00-28 28 3 0.00 46.4
12 UCS-05-28 28 3 0.05 53.4
13 UCS-10-28 28 3 0.10 53.0
14 UCS-15-28 28 3 0.15 54.5
15 UCS-20-28 28 3 0.20 53.5

Tab. A.1.: UCS test results on cubic specimens.

Test Reference Quantity BNC [%] Strength [MPa] Young’s modulus [GPa]
1 UCS-A-00-00 3 0.00 53.2 25.7
2 UCS-A-05-00 3 0.05 54.6 24.3
3 UCS-A-15-00 3 0.15 54.3 26.3
4 UCS-A-00-30 3 0.00 42.6 22.5
5 UCS-A-05-30 3 0.05 45.3 19.3
6 UCS-A-15-30 3 0.15 49.4 21.1
7 UCS-A-00-120 3 0.00 35.9 16.4
8 UCS-A-05-120 3 0.05 47.4 22.1
9 UCS-A-15-120 3 0.15 42.0 20.8
10 UCS-B-00-00 3 0.00 30.8 (21.3) 20.0 (23.5)
11 UCS-B-05-00 3 0.05 24.0 (19.6) 20.0 (22.3)
12 UCS-B-00-30 3 0.00 44.5 (-) 22.1 (-)
13 UCS-B-05-30 3 0.05 38.4 (-) 23.7 (-)
14 UCS-B-00-120 3 0.00 - (36.9) - (33.6)
15 UCS-B-05-120 3 0.05 - (34.8) - (31.3)

Tab. A.2.: UCS test results on cylindrical specimens.
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A.2 Isotropic experiments

Specimen Condition Initial σ3 [MPa] Final σ3 [MPa] ui [MPa] uf [MPa] K [MPa]
KU-00 *

Undrained

5.00 12.00 2.00 5.00 16.60
KU-00 * 6.00 10.00 3.00 5.00 14.10
KU-00 30.00 40.00 1.00 1.10 17.00
KU-05 5.00 9.00 1.00 1.20 15.50
KU-05 11.00 21.00 3.00 4.00 15.40
KU-05 11.00 21.00 3.00 4.00 15.80
KU-05 28.00 36.00 3.20 3.50 18.00
KU-05 28.00 36.00 1.50 1.70 17.20
KU-15 27.00 36.00 3.00 3.80 18.00
KD-00

Drained

5.00 12.00 2.00 2.00 11.60
KD-00 29.00 39.00 1.00 1.00 12.50
KD-05 10.00 20.00 3.00 3.00 12.80
KD-05 10.00 27.00 3.00 3.00 12.10
Tab. A.3.: Bulk modulus values for non-carbonated specimens subjected to several confining

pressures. (*) Skempton coefficient = 0.32 (**) Skempton coefficient = 0.30.
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Fig. A.1.: Isotropic triaxial tests on non-carbonated specimens (undrained tests)
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Fig. A.2.: Isotropic triaxial tests on non-carbonated specimens (drained tests)

Specimen Condition Initial σ3 [MPa] Final σ3 [MPa] ui [MPa] uf [MPa] K [MPa]
KU-00-30

Undrained

14.00 21.00 3.00 3.40 8.60
KU-00-30 27.00 36.00 3.00 3.90 8.70
KU-05-30* 10.00 14.00 4.00 6.3 9.00
KU-05-30** 10.00 20.00 4.00 9.50 9.70
KU-05-120 10.00 17.00 4.00 5.4 9.70
KU-05-120 10.00 17.00 4.00 5.4 9.10
KD-00-30

Drained

11.00 21.00 3.00 3.00 7.50
KD-05-30 11.00 26.00 4.00 4.00 8.40
KD-05-120 11.00 20.00 4.00 4.00 8.70
KD-05-120 11.00 20.00 4.00 4.00 9.10

Tab. A.4.: Bulk modulus values for carbonated specimens subjected to several confining
pressures.(*) Skempton coefficient = 0.34 (**) Skempton coefficient = 0.35.
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Fig. A.3.: Isotropic undrained tests. The slopes correspond to Skempton coefficient B
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A.3 Triaxial experiments
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Fig. A.4.: Undrained triaxial test on DEV-00-U (σ3 = 14 MPa)
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Fig. A.5.: Undrained triaxial test on DEV-00-U (σ3 = 30 MPa)
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Fig. A.6.: Undrained triaxial test on DEV-05-U (σ3 = 30 MPa)
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Fig. A.7.: Undrained triaxial test on DEV-15-U (σ3 = 30 MPa)
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A.4 Measurement of elastic ultrasound waves

Specimen Height Total height Density [g/cm3] VP [m/s] VS [m/s]
UWM-B-00-00 70.93 80.93 1.89 3317 2108
UWM-B-05-00 71.01 81.01 1.87 3189 2046
UWM-B-00-30 71.75 81.75 2.13 3378 2019
UWM-B-05-30 67.20 77.20 2.11 3203 2053

Tab. A.5.: Elastic ultrasound waves of cylindrical specimens after 30 days of carbonation
(curing method B).

Specimen Height Total height Density [g/cm3] VP [m/s] VS [m/s]
UWM-B-00-00 72.00 82.00 1.90 3216 1767
UWM-B-00-00 71.00 81.00 1.89 3176 1767
UWM-B-00-00 71.90 81.90 1.90 3174 1773
UWM-B-00-00 71.80 81.80 1.87 3190 1770
UWM-B-00-00 72.50 82.50 1.88 3210 1774
UWM-B-00-00 72.80 82.80 1.89 3209 1769
UWM-B-05-00 72.00 82.00 1.85 3191 1723
UWM-B-05-00 73.70 83.70 1.86 3170 1740
UWM-B-05-00 72.70 82.70 1.85 3156 1752
UWM-B-05-00 73.50 83.50 1.84 3093 1740

Tab. A.6.: Elastic ultrasound waves of cylindrical specimens before 120 days of carbonation
(curing method B).

Specimen Height Total height Density [g/cm3] VP [m/s] VS [m/s]
UWM-B-00-120 72.00 82.00 2.16 3374 1726
UWM-B-00-120 71.00 81.00 2.15 3418 1796
UWM-B-00-120 71.90 81.90 2.17 3398 1808
UWM-B-00-120 71.80 81.80 2.14 3396 1756
UWM-B-00-120 72.50 82.50 2.18 3395 1752
UWM-B-00-120 72.80 82.80 2.15 3352 1758
UWM-B-05-120 72.00 82.00 2.15 3361 1715
UWM-B-05-120 73.70 83.70 2.18 3375 1762
UWM-B-05-120 72.70 82.70 2.16 3376 1756
UWM-B-05-120 73.50 83.50 2.16 3422 1773

Tab. A.7.: Elastic ultrasound waves of cylindrical specimens after 120 days of carbonation
(curing method B).
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A.5 Density variation after supercritical carbonation

Curing method A:

Specimen Non-carbonated specimens [g/cm3] Average [g/cm3]
A-00-00 1.98 1.99 1.99 1.99 1.99 2.00 1.99
A-05-00 1.96 1.90 1.93 1.92 1.91 1.95 1.93
A-15-00 1.98 1.98 1.97 1.97 1.97 1.97 1.97

Tab. A.8.: Density values of cylindrical specimens before 30 days of carbonation (curing method A)

Specimen Carbonated specimens [g/cm3] Average [g/cm3]
A-00-30 2.02 2.02 2.04 2.02 2.02 2.02 2.02
A-05-30 1.98 1.96 1.95 1.95 1.94 1.98 1.96
A-15-30 2.01 2.00 1.99 2.00 2.00 1.99 2.00

Tab. A.9.: Density values of cylindrical specimens after 30 days of carbonation (curing method A)

Specimen Carbonated specimens [g] Average [g]
A-00-30 3.77 2.34 3.89 2.65 2.33 1.35 2.72
A-05-30 1.64 5.16 1.87 2.81 2.49 2.82 2.80
A-15-30 2.04 1.69 1.93 2.55 2.42 2.25 2.14

Tab. A.10.: Mass uptake of cylindrical specimens after 30 days of carbonation (curing method A)

Specimen Non-carbonated specimens [g/cm3] Average [g/cm3]
A-00-00 1.93 1.94 1.97 1.96 1.96 1.96 1.95
A-05-00 1.92 1.91 1.91 1.92 1.92 - 1.92
A-15-00 1.92 1.91 1.93 - 1.96 - 1.93

Tab. A.11.: Density values of cylindrical specimens before 120 days of carbonation (curing method
A)

Specimen Carbonated specimens [g/cm3] Average [g/cm3]
A-00-120 1.99 1.98 2.00 2.01 2.00 2.02 2.00
A-05-120 1.96 1.97 1.94 1.97 1.95 - 1.95
A-15-120 2.04 2.04 1.98 - 2.02 - 2.02

Tab. A.12.: Density values of cylindrical specimens after 120 days of carbonation (curing method
A)

Specimen Carbonated specimens [g] Average [g]
A-00-120 5.14 3.34 2.13 4.78 4.08 4.61 4.06
A-05-120 3.23 4.29 2.68 3.72 2.67 - 3.32
A-15-120 9.96 11.54 3.98 - 4.72 - 7.55

Tab. A.13.: Mass uptake of cylindrical specimens after 120 days of carbonation (curing method A)
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Curing method B:

Specimen Non-carbonated specimens [g/cm3] Average [g/cm3]
B-00-00 1.89 1.89 1.89 1.89 1.89
B-05-00 1.87 1.87 1.88 1.87 1.87

Tab. A.14.: Density values of cylindrical specimens before 30 days of carbonation (curing method
B)

Specimen Non-carbonated specimens [g/cm3] Average [g/cm3]
B-00-30 2.14 2.15 2.13 2.15 2.13
B-05-30 2.12 2.13 2.12 2.09 2.11

Tab. A.15.: Density values of cylindrical specimens after 30 days of carbonation (curing method B)

Specimen Carbonated specimens [g] Average [g]
B-00-30 21.83 21.77 17.45 19.10 20.04
B-05-30 22.22 22.69 20.50 16.35 20.44

Tab. A.16.: Mass uptake of cylindrical specimens after 30 days of carbonation (curing method B)

Specimen Non-carbonated specimens [g/cm3] Average [g/cm3]
B-00-00 1.90 1.89 1.90 1.87 1.89 1.89
B-05-00 1.85 1.86 1.85 1.84 - 1.85

Tab. A.17.: Density values of cylindrical specimens before 120 days of carbonation (curing method
B)

Specimen Carbonated specimens [g/cm3] Average [g/cm3]
B-00-120 2.15 2.15 2.16 2.14 2.15 2.15
B-05-120 2.15 2.18 2.16 2.16 - 2.16

Tab. A.18.: Density values of cylindrical specimens after 120 days of carbonation (curing method B)

Specimen Carbonated specimens [g] Average [g]
B-00-120 21.65 21.42 22.52 22.45 23.09 22.89
B-05-120 25.99 27.72 26.87 27.41 - 27.00

Tab. A.19.: Mass uptake of cylindrical specimens after 120 days of carbonation (curing method B)
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A.6 Water Porosity

Specimen Initial weight [g] Final weight [g] Porosity [%]
WP-00-00 5.3384 4.2616 40.14
WP-00-00 5.7614 4.6039 39.11
WP-00-00 6.2667 5.0075 39.99

WP-00-30-EXT 12.5262 10.7367 28.86
WP-00-30-EXT 7.3315 6.3512 30.10
WP-00-30-EXT 3.5056 3.0287 27.50

Tab. A.20.: Water porosity of PC samples (curing method A)

Specimen Initial weight [g] Final weight [g] Porosity [%]
WP-05-00 3.1330 2.487 39.80
WP-05-00 3.2691 2.6043 39.25
WP-05-00 11.4102 9.1210 38.72

WP-05-30-EXT 17.3268 14.8900 27.28
WP-05-30-EXT 16.3251 14.0051 27.57
WP-05-30-EXT 15.6314 13.4467 27.11

Tab. A.21.: Water porosity of BNC05 samples (curing method A)

Specimen Initial weight [g] Final weight [g] Porosity [%]
WP-15-00 6.2714 4.9622 41.13
WP-15-00 2.1447 1.6995 40.89
WP-15-00 9.2213 7.4925 36.93

WP-15-30-EXT 13.5827 11.8018 26.22
WP-15-30-EXT 15.2478 12.6216 34.45
WP-15-30-EXT 1.9907 1.6930 30.21

Tab. A.22.: Water porosity of BNC15 samples (curing method A)
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Specimen Initial weight [g] Final weight [g] Porosity [%]
WP-00-00 2.14 1.69 39.70
WP-00-00 3.40 2.65 41.70
WP-00-00 2.36 1.86 40.0
WP-00-00 3.59 2.85 39.00

WP-00-120-EXT 6.25 5.40 29.10
WP-00-120-EXT 6.94 6.02 28.40
WP-00-120-EXT 6.55 5.69 28.10
WP-00-120-EXT 8.11 7.05 28.00
WP-00-120-EXT 6.04 5.25 28.00
WP-00-120-EXT 4.47 3.88 28.20
WP-00-120-INT 7.15 6.19 28.70
WP-00-120-INT 7.33 6.30 30.10
WP-00-120-INT 7.79 6.70 29.90

Tab. A.23.: Water porosity of PC samples (curing method B)

Specimen Initial weight [g] Final weight [g] Porosity [%]
WP-05-00 1.38 1.06 43.40
WP-05-00 1.19 0.92 42.40
WP-05-00 2.09 1.61 42.90
WP-05-00 3.22 2.50 41.80

WP-05-120-EXT 5.08 4.44 26.70
WP-05-120-EXT 5.50 4.75 28.90
WP-05-120-EXT 7.06 6.13 27.90
WP-05-120-EXT 3.50 3.06 26.70
WP-05-120-EXT 7.02 6.06 29.00
WP-05-120-EXT 4.71 4.07 28.80
WP-05-120-INT 4.16 3.54 31.60
WP-05-120-INT 4.53 3.92 28.50
WP-05-120-INT 3.85 3.31 29.70

Tab. A.24.: Water porosity of BNC05 samples (curing method B)
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