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Abstract 

Depleted oil and gas reservoirs provide ideal sites for the long term storage of CO2 that is one 

aspect of the carbon capture and storage (CCS) concept. CCS is a technique that potentially 

could contribute to the reduction of the anthropogenic greenhouse gases emissions to meet the 

1.5-2 ℃ target set in Paris Agreement. The high number of drilled wells in oil and gas reservoirs 

can put the storage aspect of CCS at risk. Any defects in these type of wells can be potentially a 

source of CO2-leakage. These damaged wells could compromise the time and expense invested 

in a CCS project. The integrity of wells existed in a CO2 storage field should be examined prior to 

the implementation of any CCS project. A CCS project should be reconsidered or the wells in a 

CO2 storage site will need re-completion if CO2 leakage is predicted through them. This study 

investigates the integrity of both abandoned and injection wells within CO2 storage formations. 

Once CO2 is injected in target storage formations below the Earth it starts moving 

upwards due to the buoyancy force which mostly occurs close to the injection points. Then, the 

CO2 plume continues distributing beneath the caprock that traps its further upward trajectory. It 

would be possible for a CO2 plume to encounter abandoned wells. The area of the concern in this 

thesis, however, is the rock-cement-casing assemblage for the numerous well drilled the 

impermeable layers into the reservoirs below. The CO2 plume will freely move within porous layers 

but it is the caprock and impermeable layers which block its permeation to the upper porous 

layers. Therefore, it would be reasonable to consider any well trajectory across the impermeable 

layers, such as caprocks as the riskiest area which needs to be focused.  

In this thesis, it was assumed that CO2 is completely dissolved in brine as a ubiquitous 

phase present in CO2 storage sites. Indeed, this case is the worst condition which could be 

assumed within a CO2 storage site. Carbon dioxide should be dissolved in an aqueous phase to 

affect the rock otherwise the reaction between CO2 gas phase and solid phase seems impossible. 

This assumption reduces the dependency of the geochemical reactions on the stress state which 

is resulted from the overburden layers. Therefore, an iterative approach has been applied in which 

the initial and the boundary conditions are imported into the CrunchFlow code which is developed 

by Steefel et al. (2015) to calculate the geochemical alterations within the rock-cement-casing 

assemblage. The author developed a code in MATLAB (2019) for calculating the geomechanical 

alterations within the rock-cement-casing assemblage using the output data from the CrunchFlow 

code. The output data from the geomechanical section were subsequently inputted into the 

CrunchFlow code again. This iterative approach continues until the rock-cement-casing 

assemblage fails.  

The radial cracking and the radial compaction are proposed in this study as two 

processes that may occur in abandoned wells. An indefinite lifespan is observed for an 

abandoned well impacted by the radial compaction, although it reduces to less than a century 

while the radial cracking is active. However, the lifespan of the cement matrix increases with 



 

ii 
 

decreasing depth while the radial cracking is active. This is fortunate as it implies even under the 

impact of radial cracking the time of CO2-bearing fluids to reach the Earth’s surface will be 

significantly delayed. It is observed that the depth of the carbonation front within the cement 

sheath in both of these processes is stabilised within the first year after being exposed to CO2-

bearing fluids. For most of the range of porosity, the chemical composition, and depth of the CO2 

injection, the depth of carbonation front is fixed within the first five years after being exposed to 

CO2-bearing fluids. The depth of the carbonation front is seen to be close to the cement-brine 

interface. This signifies that most of the cement structure will retain its long term integrity. 

Although radial cracking and the compaction are proposed, their occurrence is also 

examined for the injection and abandoned wells. In injection wells, the cement sheath is separated 

from the casing and it provides a high porous gap. With time, the rock-cement interface will 

become dilated leading to a maximum of an 8% increase in its porosity at this location. However, 

the radial compaction which is created due to the in-situ horizontal stress will push the rock back 

against the cement sheath and the casing. This phenomenon reduces the porosity at the rock-

cement interface by one order of magnitude, and closes the gap between the cement and the 

casing. Therefore, the rock-cement interface becomes less porous than in its initial intact state, 

and would not account for a leakage pathway. In the case of abandoned wells and under the 

assumptions used in this study, the lifespan is again found to be indefinite due to governance of 

the compaction process over the rock-cement interface. 

Based on the results obtained from this study and considering the applied assumptions, 

in both abandoned and injection wells the lifespan of the cement sheath would be more than a 

thousand years due to the activation of the compaction process, the formation of a calcite 

precipitation zone, and the extremely low permeability of the cement matrix itself. The results of 

experiments reported in the reviewed literature show that the diffusion of CO2-bearing fluids into 

the cement matrix results in the formation of a calcite precipitation zone. This zone is close to the 

cement-brine interface. The strength of the cement matrix increases in this area due to a reduction 

in the porosity. In addition, this zone by itself reduces the diffusion of CO2-bearing fluids into the 

inner parts of the cement matrix. This process is also widely observed in the simulations in this 

study which helps to prevent the high degradation of the inner parts of the cement sheath. It 

should be noted, that the health and vigour of the rock-cement-casing initially assumed in 

calculations, and the in-situ horizontal stress is not negligible. With considering these conditions 

and based on the results obtained from this thesis, it is realised that the CO2 leakage through 

either injection or abandoned wells would be implausible. 

The results of this work would give a clear perspective on the safety of CCS projects 

which are going to be implemented in fields containing drilled wells regarding the tendency of CO2 

leakage through those wells. 
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Glossary 

Symbols and abbreviations 

Advection The process which is responsible for transferring the solutes due 

to the bulk motion 

Amorphous silica gel SiOxOHx  

Calcite The most stable form of precipitated calcium carbonate 

CH Calcium hydroxide (or Portlandite)  

cc Cement-casing interface 

CCS Carbon capture and storage 

cr Cement-rock interface 

CSB Compaction shear bands 

C-S-H Calcium silicate hydrate 

CrunchFlow A code was used to simulate the geochemical changes within the 

cement sheath 

CTE Coefficient of thermal expansion 

Deformation Referring to the process which is responsible for the formation of 

the compaction shear bands, or the compaction process 

Diffusion The process which is responsible for transferring molecules from 

one location with higher concentrations to another location with 

lower concentrations due to the random molecular motion 

Dispersion The process which is responsible for spreading  molecules due to 

heterogeneities within the microscopic scale 

DSB Dilation shear bands 

𝑑𝑡𝑜𝑡 Total damage parameter 

𝐸 Young’s modulus 

Failure Referring to the process which is responsible for the formation of 

either the pure dilation bands or the dilation shear bands  

𝑓𝑐 Uniaxial compressive strength 

𝑓𝑡 Uniaxial tensile strength 

Lifespan In this thesis, it refers to the time that the cement sheath lose its 

integrity due to the failure 

ITZ Interfacial transition zone 

NAPL Non-aqueous phase liquid 
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PDB Pure dilation bands 

PoC Porosity of compacted layers 

Radial cracking The mechanism which is acting on the outer face of the cement 

sheath and increases the porosity within this zone 

Radial compaction The mechanism which is acting on the outer face of the cement 

sheath and decreases the porosity within this zone 

RTM Reactive transport modelling 

SEP Strain equivalent principle 

UCS Uniaxial compressive strength 

 

Greek Letters 

휂 The failure or deformation criterion 

𝜎 Normal stress 

𝜏 Shear stress 
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Chapter 1 

Introduction 

1.1 Background 

The change in climate patterns due to global warming endangers the world’s ecosystems. The 

increase in the number of climate and weather events such as heatwaves, droughts, hurricanes, 

and floods are directly linked to the increase in the global average temperature and its effect on 

the global heat and mass transfer (Effects | Facts – Climate Change: Vital Signs of the Planet 

2020). It has now been accepted that there is a direct relationship between global warming and 

the increase in the level of greenhouse gases (Solomon et al. 2007). The most well-known 

greenhouse gases (GHG) impacting on the Earth’s atmosphere include water vapour, carbon 

dioxide (CO2), methane (CH4), nitrous oxide (N2O), and Fluorinated gases (Pachauri et al. 2014). 

Their main effect is trapping heat in the atmosphere. Anthropogenic activities have increased the 

level of CO2 in the atmosphere to account for 9-26% of GHG emissions (Kiehl and Trenberth 

1997). The global average temperature of the Earth’s surface has risen by 0.85 ℃ in the period 

from 1880 to 2012 (Stocker et al. 2013). It is predicted if the rate of increase in global warming 

remains constant, the global average temperature increase will probably reach 1.5 ℃ in the years 

between 2030 and 2052 (Masson-Delmotte et al. 2018).  

Carbon capture and storage (CCS) is one of the techniques to hinder the increasing level 

of emitted CO2 into the atmosphere. In this method, CO2 is captured from released gases, 

particularly from power stations, and stored in underground formations (IPCC 2014). Depleted oil 

and gas reservoirs are one of the potential underground formations which can be considered for 

CO2 storage. They maintained millions of cubic metres of high-pressure and high-temperature oil 

and gas for a long period of time. This confirms their high capacity to accommodate a large 

quantity of CO2. It also shows that they probably could withstand the severe conditions caused 

by CO2 injection such as increased pressure, fluctuations in temperature, and geochemical 

reactions (Le Gallo, Couillens, and Manai 2002, IPCC 2005). Besides, the structures of these 

type of underground formations have been extensively studied during various stages of their 

lifespan, from exploration to abandonment. Therefore, their structure is well-known.  This reduces 

the expense and the time which is required to be invested in proving their value. It is worth noting 

that in some reservoirs CO2 injection is implemented as an enhanced oil recovery (EOR) method 

(Gozalpour, Ren, and Tohidi 2005). Therefore, the functionality of depleted oil and gas reservoirs 

as CO2 storage sites is an added tangible benefit.  

These reservoirs are extensively drilled at all the fields all over the world craving for 

oil/gas extraction (Calvert, Smith, and Duncan 1994, Celia et al. 2006, Davies et al. 2014, Bachu 
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and Watson 2009). In this thesis, the drilled wells are classified as abandoned wells and CO2 

injection wells. An oil/gas production well is not normally proposed at the middle of a CO2 storage 

site unless enhanced oil recovery plans through the injecting of CO2 to increase oil recovery is an 

added component of the operation. Once CO2 is injected in depleted oil and gas reservoirs, it 

moves upwards and then laterally beneath the caprock. It is likely that the CO2 plume encounters 

other wells, especially abandoned wells, along its path. Therefore, the CO2 injection wells and a 

few abandoned wells would be possible to meet the CO2 plume at the wellbore locations. Any 

defects within the structure of these wells can potentially convert to a CO2 leakage pathway. The 

leaked CO2 could travel along the trajectory of the well to reach the Earth’s surface. It can also 

squeeze through the well structure and once passed the caprock or impermeable layers starts 

dispersing within the porous layers. In this case, the layers above the main CO2 injection point 

would be contaminated including the layers bearing potable water (Apps et al. 2010). Leaking 

CO2 adversely impact the wildlife in the vicinity of CO2 leakage areas at the Earth’s surface or in 

the ocean (Rastelli et al. 2016). It also compromises the time and expense invested in CCS 

projects.  

At the location of wellbores, the rock-cement-casing assemblage is subject to alteration 

due to the interaction with CO2-bearing fluids. In this study, to model the alteration in the rock-

cement-casing assemblage due to the invasion of CO2-bearing fluids, the geomechanical 

calculations are coupled with the geochemical reactions occurring within this assemblage. The 

coupling method is benefited from an iterative approach advancing to the time at which the 

cement sheath fails. Geochemical calculations are conducted using CrunchFlow Code developed 

by Steefel et al. (2015). The geomechanical part is coded by the author using MATLAB (2019) 

conjugated with the geochemical part. 

1.2 Aim and objectives 

This thesis is aimed at studying the behaviour of wells exposed to CO2-bearing fluids. The well 

structure at the CO2 storage formation is assumed to be similar to a cylindrical rock-cement-

casing assemblage. This assemblage includes two main boundaries, including the inside wall of 

the casing and the outer face of the rock. The inside wall of the casing is impacted by the fluid 

pressure inside the casing, and the in-situ horizontal stress affects the outer face of the rock. The 

boundary in the vertical direction is involved in calculations based on the plane strain assumption 

which considers zero strain in this direction. Two main interfacial transition zones (ITZs), namely 

the rock-cement and cement-casing interfaces are assumed in this assemblage. The lifespan of 

the cement sheath, in this study, is considered as the time when the cement sheath loses its 

integrity. This thesis will give a clear understanding of the integrity of the rock-cement-casing 

assemblages in both abandoned and injection wells in CO2-rich environments. The objectives of 

this study are as follows: 

1. To provide a clear insight into the alteration of the cement in CO2 storage sites. 
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2. To introduce and examine the phenomena dominating the alteration of the 

cement matrix. 

3. To develop a numerical model for investigating rock-cement-casing 

assemblages. 

4. To provide a timeframe work for the ultimate stability of the rock-cement-casing 

assemblage under different conditions found underground. 

These objectives are accordingly addressed in the following sections: (1) Chapters 2 and 4, (2) 

Chapter 3, (3) Chapter 5, and (4) Chapter 6. 

1.3 Methodology overview 

A one-way sequential approach is applied in this study to couple the geochemical part with the 

geomechanical part as shown in Figure 1.1.  

 

Figure 1.1. The illustration of the overall methodology applied in this study to couple the 

geomechanical part with the geochemical alterations.  

The main output from the geochemical part is the profiles of the porosity and geochemical 

composition within the rock-cement-casing assemblage. The geomechanical part calculates the 

alteration in porosity under the effect of stress, and imports it into the geochemical part again. 

This procedure iterates until the cement sheath fails and not being able to withstand the burdened 

stress state. 

1.4 Thesis outline 

A literature review on the experiments corresponding to the alteration of the cement in CO2-rich 

environments is provided in Chapter 2. The alteration of the cement matrix in abandoned wells is 
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studied in Chapter 3. In Chapter 3, two main phenomena of the radial cracking and the radial 

compaction are presented as two main scenarios which can be experienced by the cement 

sheath. Chapter 4 provides a deep insight into the basic of the reactive transport modelling (RTM) 

and the geochemical alteration of the cement sheath due to exposure to CO2-bearing fluids. A 

more comprehensive model on simulating the behaviour of the rock-cement-casing assemblage 

which also considers injection wells can be found in Chapter 5. The nature of the geomechanical 

alterations in ITZs and the rock-cement-casing assemblage is investigated in Chapter 5. A 

parametric study has been undertaken in Chapter 6 to investigate the most frequently occurring 

states for the rock-cement-casing assemblage in CO2-storage sites. 

1.5 Novelty 

The behaviour of the rock-cement-casing assemblage in the context of CO2 storage under the 

impact of the stress state is investigated in this study. To the best knowledge of the author, this 

study is amongst the limited numerical researches which has been conducted to predict the fate 

of drilled wells in CO2 storage fields considering the coupled geochemical-geomechanical 

alterations. Two main scenarios of the radial cracking and compaction are genuinely introduced 

in this study to practically explore their impact on the integrity of wells. A novel approach is also 

used to characterise the occurrence of the radial cracking and compaction within the rock-cement-

casing assemblage. 
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Chapter 2 

Literature Review*

The purpose of this chapter is to examine previous works undertaken that characterise the cement 

alteration due to its exposure to CO2-bearing fluids attacking on the interfaces of cement-rock and 

cement-casing, or through cement cracks, and the cement matrix itself. Numerous studies have 

reported carbonation of well cements. The majority of studies reported self-healing behaviour of 

cements cracks observed under general CO2 storage conditions. In addition, defective cement 

matrix and bonding between cement and casing were also found to be potential leakage 

pathways. Albeit, severe conditions, such as high acidity degree of brine and high flow velocity, 

may reduce the impact of the self-healing behaviour for the cement. 

2.1 Introduction 

Throughout 132 years from 1880 to 2012, the average global combined land and ocean 

temperature has risen by 0.85 ℃ (Stocker et al. 2013), a  phenomenon now indelibly linked to  

anthropogenic greenhouse gas (GHG) emissions. Carbon dioxide is accountable for 9-26% of 

these GHG emissions (Kiehl and Trenberth 1997, Windows to the Universe 2007). One 

amelioration technique that can be adopted is the use of carbon capture and storage (CCS), 

which seeks to capture released CO2 from power plants and subsequent injection of them into 

stable underground formations. Coal beds, aquifers, and depleted oil and gas reservoirs are of 

considerable interest for CCS. Amongst them depleted oil and gas reservoirs are preferred since 

their structures have been well-characterised and studied over different periods of the reservoir’s 

lifecycle. In addition, oil and gas reservoirs have maintained their integrity and prevent fluid 

permeation to the surface over millions of years, indicating their proven capability of storing fluids 

over a long duration. One additional benefit of CCS is that the CO2 injection into oil and gas 

reservoirs is considered as an enhanced oil recovery (EOR) strategy. One of the major problems 

with this type of projects is that quite a high number of wells have been cemented during the last 

century without meeting the necessary safe storage requirements. Drilled wells are the direct 

connection between underground formations and the Earth’s surface. Any defects in the cement 

and plugs may later transform into potential leakage pathways. This is illustrated  by a 30-year 

                                                      

* The content of this chapter has been extracted from the following paper: 
Bagheri, M., Shariatipour, S.M., and Ganjian, E. (2018) ‘A Review of Oil Well Cement Alteration 
in CO2-Rich Environments’. Construction and Building Materials, 186C, 946–968.  
The candidate set the scientific scope of this work, devised and developed the methodology, 
performed all data analysis and wrote the text.  Seyed M. Sharaitipour and Eshmaiel Ganjian 
provided guidance during the design of this part of the project and feedback on the manuscript. 
Minor adaptations have been performed to streamline the layout of thesis. 
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old cement core sample recovered from a CO2-flooding site in West Texas. That demonstrated 

CO2 leakage along the cement-shale and the cement-casing interfaces, even though the cement 

retained its low permeability to prevent CO2 flow (Carey et al. 2007). Accordingly, an investigation 

of cement integrity exposed to CO2-bearing fluids is of great importance for determining the 

probability of CO2 leakage to the surface.  

Carbon capture and storage (CCS) projects are designed to prevent large quantities of 

CO2 from entering into the atmosphere. This will be done by effectively collecting CO2 and 

transporting it from large production point sources to storage sites where it can be deposited in 

the underground formations and can remain there for thousands of years (Watson and Bachu 

2009). 

Typically, depleted oil and gas reservoir sites are the main subjects for CO2 storage. The 

risk of CO2 gas leakage to the surface from prior-drilled and abandoned wells can be assessed to 

speed up risk assessment (Watson and Bachu 2008). It was also shown that wells which are 

drilled under an appropriate regulatory system for CO2 and acid gas injection purpose are less 

probable to fail in comparison with other types of wells converted to injection wells (Bachu and 

Watson 2009). Therefore, performing a robust drilling, completion, abandonment, and cementing 

under the supervision of reliable regulatory frameworks is vital to prevent CO2 leakage. The 

cement used as well lining or plugs may have undergone an alteration process due to CO2 

exposure. This process may lead to either the aggravation or amelioration of leakage pathways 

depending on the conditions of the cement and the invading fluids (Brunet et al. 2016). 

The most potential leakage pathways within casing-cement-rock (rock can be a storage 

formation or caprock) assemblage include the gap between rock and cement (Mason et al. 2013, 

Walsh et al. 2014a), the gap between the casing and cement (Bachu and Bennion 2009, Carey 

et al. 2010), cracks in the cement (Bachu and Bennion 2009, Deremble et al. 2011, Huerta et al. 

2013, Iyer et al. 2017) , and the cement matrix by itself (Barlet-Gouédard et al. 2007, 2009, Huerta 

et al. 2013, Rimmelé et al. 2008). CO2 is generally injected in a supercritical form into underground 

formations (Energy Institute 2010). In this state it has the physical properties of both a liquid and 

a gas which dissolves materials such as a liquid and can effuse through solids like a gas. The 

injected CO2 dissolves in brine, as a ubiquitous element in depleted oil and gas reservoirs 

particularly around abandoned wellbores, results in carbonic acid formation (Greenwood and 

Earnshaw 2012). CO2-saturated brine with a pH lower than 4 starts moving through well cements 

due to either diffusion or advection processes (Druckenmiller and Maroto-Valer 2005, Haghi et al. 

2017). This movement brings the pore water within the unaltered cement with a pH more than 

12.5 in contact with acidic brine (Carey 2013). This process leads to a reaction between the 

cement and brine leading to a gradual carbonation within the cement (Carey et al. 2010, Mainguy 

and Ulm 2001, Kutchko et al. 2007, Huet, Prevost, and Scherer 2010, Duguid and Scherer 2010, 

Dijk and Berkowitz 1999, Walsh et al. 2013). The continuous renewal of reacted CO2-saturated 
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brine at the cement-rock interface accelerates the degradation of the cement and converts the 

depleted calcium region into an amorphous silica gel zone (Duguid and Scherer 2010, Walsh et 

al. 2013).  

This chapter provides a review of studies that have characterised the alteration in cement 

due to CO2–bearing fluids attacking on the interfaces of cement-rock and cement-casing, or 

through cement cracks, and the cement matrix itself. 

2.2 Characterisation of cement matrix alteration attacked by CO2-bearing fluids 

2.2.1 Involved chemical reactions 

The dissolution of CO2 in brine decreases its pH to less than 4. The subsequent flow of this 

mixture through a carbonate formation leads to an increase of pH by 2. It is interesting to note 

that if the dissolution was to flow through a sandstone formation there seems to be a negligible 

impact on acidity degree (Duguid and Scherer 2010). Pore fluids of Portland cement normally 

have a pH between 13 and 14 (Taylor 1997), thereby exposing the cement to a CO2-saturated 

brine reduces the pH of the pore fluids in the cement and triggers dissolution/precipitation 

reactions. To examine the impact of carbonated brine flow on well cements, class H cement 

pastes were exposed to a range of geo-sequestration temperatures and pH which can be found 

at a depth of 1 km (Duguid and Scherer 2010). The pre-equilibrium between calcium carbonate 

and the CO2-saturated brine solution showed no significant effect of carbonated brine on the 

cement matrix. Carbonic acid attacks the cement and results in the formation of calcium carbonate 

(CaCO3) which is then dissolved during the next phase. This reaction leads to a more porous 

silica gel. The governing equations are as follows (Duguid and Scherer 2010): 

CO2 dissociation 

𝐶𝑂2 +𝐻2𝑂 ↔ 𝐻2𝐶𝑂3
∗(𝑠𝑢𝑚 𝑜𝑓 𝐻2𝐶𝑂3 𝑎𝑛𝑑 𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 𝐶𝑂2) ↔ 𝐻+ + 𝐻𝐶𝑂3

−

↔ 2𝐻+ + 𝐶𝑂3
2− 

(2.1) 

 

Cement carbonation 

𝐶𝑎(𝑂𝐻)2(𝑠) + 2𝐻
+ + 𝐶𝑂3

2− → 𝐶𝑎𝐶𝑂3(𝑠) + 2𝐻2𝑂 
(2.2) 

 

𝐶3.4 − 𝑆2 − 𝐻8(𝑠) + 2𝐻
+ + 𝐶𝑂3

2− → 𝐶𝑎𝐶𝑂3(𝑠) + 𝑆𝑖𝑂𝑥𝑂𝐻𝑥 
(2.3) 

 

𝐶𝑎(𝑂𝐻)2(𝑠) + 𝐻
+ + 𝐻𝐶𝑂3

− → 𝐶𝑎𝐶𝑂3(𝑠) + 2𝐻2𝑂 
(2.4) 

 

𝐶3.4 − 𝑆2 − 𝐻8(𝑠) + 𝐻
+ + 𝐻𝐶𝑂3

− → 𝐶𝑎𝐶𝑂3(𝑠) + 𝑆𝑖𝑂𝑥𝑂𝐻𝑥 
(2.5) 
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Calcium carbonate dissolution 

𝐶𝑂2 +𝐻2𝑂 + 𝐶𝑎𝐶𝑂3(𝑠) ↔ 𝐶𝑎2+ + 2𝐻𝐶𝑂3
− 

(2.6) 

 

2𝐻+ + 𝐶𝑎𝐶𝑂3(𝑠) ↔ 𝐶𝑂2 + 𝐶𝑎
2+ +𝐻2𝑂 

(2.7) 

 

SiOxOHx in Eqs. (2.3) and (2.5) is an amorphous silica gel, and C3.4-S2-H8 is calcium 

silicate hydrate (C-S-H) which is the binding phase of the cement paste with Ca/Si:1.7. These 

experiments were conducted under general conditions of 20 and 50 ℃ and CO2 pressures of 

about 10 MPa. Effluent samples and pH measurements were taken twice a day during the first 

few days, and during subsequent phases performed every day. There was a negligible alteration 

in the cement due to CO2 exposure under pre-equilibrium with limestone. Accordingly, it seems 

that degradation in limestone or dolomite either occurred really slowly or did not occur at all.  

Once the calcium carbonate precipitated, the brine was refreshed and the pH was 

lowered to below 5.  Calcium carbonate then started to re-dissolve in the new CO2-saturated brine 

brought in contact with the core cement (Shen, Dangla, and Thiery 2013). It is worth noting that 

the calcium leaching from C-S-H as the binding phase in cement do not limited just to the regions 

adjacent to the cement-brine (or cement-rock) interface. This process gradually begins from the 

calcium carbonate precipitation zone and increases towards the cement-brine interface. By 

decreasing the pH below 12, C-S-H incongruently dissolves (Chen et al. 2004), which leads to a 

decline in the ratio of Ca/Si from around 2 to approximately 0.8 (Carey 2013, Liaudat et al. 2018, 

Trapote-Barreira, Cama, and Soler 2014). To simplify the modelling of the alteration in the 

cement, the C-S-H dissolution was constrained to the silica gel zone due to the higher Portlandite 

(also referred to as CH) dissolution rate than that of C-S-H. Chasing any alterations in C-S-H 

during the reactions is difficult, because composing ions of C-S-H are not dissolved proportional 

to the stoichiometric coefficients. Therefore the composition of C-S-H varies along the process of 

dissolution. To model this problem, C-S-H is considered as a solid solution of hydrated silica gel 

and two fractions of Portlandite. It is supposed that one of those Portlandite fractions dissolves at 

the same rate of the free Portlandite (Liaudat et al. 2018). The solubility of the other fraction is 

assumed to be lower than free Portlandite, and the remaining silica gel was considered to be 

insoluble. The evolution of C-S-H was modelled by considering an initial Ca/Si ratio steadily 

declassified into calcium carbonate and amorphous silica (Chen et al. 2004). C-S-H was assumed 

as a composite of molar fractions of end-members of Portlandite and amorphous silica (Corvisier 

et al. 2013, Nourtier-Mazauric et al. 2005). It was shown that C-S-H dissolves incongruently at a 

high Ca/Si ratio and congruently by decreasing the ratio of Ca/Si. In the case of low Ca/Si ratio, 

the dissolution of C-S-H will be approximately equal to a tobermorite-like composition. Therefore, 

a rate law can be proposed for a description of C-S-H dissolution (Trapote-Barreira, Cama, and 

Soler 2014). 
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The solubility of CO2 in brine decreases with increasing salinity and temperature, in 

contrast to the effect of enhancing pressure which improves CO2 solubility (Duan and Sun 2003, 

Spycher, Pruess, and Ennis-King 2003). Once CO2 is injected to depths more than 1 km, the local 

temperature above the critical point of CO2 (31 ℃ ) and high pressure of about 100 bars yields a 

density of about 500 kg/m3 (Gibbins and Chalmers 2008). The combined effect of pressure, 

temperature, and salinity on the penetration depth of CO2-saturated brine into the cement is highly 

complex. This is based on the fact that the pH of the aqueous phase is a function of the 

composition of brine, cement, and host rock which are also affected by temperature and pressure 

(Córdoba et al. 2017, Liu and Maroto-Valer 2011). 

2.2.2 Predominating phenomena 

Generally, static conditions are preferred in many experiments (ASTM D5084-03.2010, Corvisier 

et al. 2013, 2010, Kutchko et al. 2009, Rimmelé et al. 2008, Zhang et al. 2013). The reason for 

this is based on the distance between the abandoned and injection wells, as at some distances 

from the injection well the CO2-saturated brine moves extremely slowly that the velocity can be 

neglected. The connection between reservoirs and either overlaying layers or inside the well 

creates a pressure difference which enhances the velocity. Thereby, the role of advection process 

becomes important. Advection means the movement of species contained in a fluid as a result of 

the fluid bulk movement (Domenico et al. 1998). Different reasons may result in fluid movement 

such as pressure differential and thermal gradient. This phenomenon along cracks and gaps is 

motivated by fluid flow bringing fresh CO2-bearing fluids in contact with the cement surface. 

Extremely low permeability of porous mediums like cement matrices with permeabilities typically 

far less than 200 𝜇D, practically removes advective flow from consideration within the bulk matrix. 

Thus, their dominance can be restricted to the cracks and the gaps (Abdoulghafour et al. 2016, 

Huerta et al. 2016, Huet, Prevost, and Scherer 2010, Shen, Dangla, and Thiery 2013). 

Nevertheless, the reaction kinetics are considered to be faster than the diffusion kinetics (Huet, 

Fuller, and Prevost 2006). This justifies the application of an adopting batch system for 

experiments (Hyvert et al. 2010, Iyer et al. 2017, Kutchko et al. 2009, Rimmelé et al. 2008, Carey 

et al. 2010). 

The difference in concentration between the carbon/calcium species in CO2-saturated 

brine and the unaltered cement zone encourages the diffusion of CO2-saturated brine into, and 

the calcium-rich brine out of, the cement core. Static downhole conditions strengthen the 

assumption that the cement is altered by diffusion-dominated processes. Whereas the advection 

process may be supposed for the renewal of CO2-saturated brine at the cement-brine interface 

(Abdoulghafour et al. 2016, Geloni, Giorgis, and Battistelli 2011, Huerta et al. 2016, Huet, Prevost, 

and Scherer 2010, Shen, Dangla, and Thiery 2013). However, the impact of the advection process 

is accounted by assuming a vertical motion of CO2-saturated brine along any gaps (Huerta et al. 

2016, Huet, Prevost, and Scherer 2010, Shen, Dangla, and Thiery 2013). 
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A methodology for coupling the transport and geochemical modules of DynaflowTM 

(Prévost 1981) was derived to model the mineral precipitation/dissolution, the aqueous phase 

speciation, and the porosity dependant transport properties (Huet, Prevost, and Scherer 2010). 

The CO2 radial mass transfer was primarily responsible for the cement degradation. The mass 

transfer in the vertical and the radial directions is mainly dominated by the advection process and 

the diffusion processes, respectively, within the cement matirx. The experiment design was based 

on the work of Duguid, Radonjic, and Scherer (2005) by assuming a constant fluid composition 

in the microannuli and considering the radial diffusion as the major transport mechanism into the 

cement. Different parameters, such as the geometry of leakage pathways, boundary conditions, 

and the chemical reactivity of the cement matrix with CO2 affect flow through cements and may 

result either in an opening-up or self-healing behaviour of the leakage pathways. To model these 

phenomena, the coupling geochemical alterations with transport aspect is inevitable. As the 

reaction kinetics were assumed to be considerably faster than the diffusion process (Huet, Fuller, 

and Prevost 2006), the alteration process was assumed to be diffusion-limited. It is worth noting 

that the diffusion process was seen to be of great importance even for fluid flow through gas shale 

(Wang and Reed 2009). Two main non-linear equations were applied to describe equilibrium 

conditions coupled with the transport modulus using a sequential non-iterative approach (SNIA) 

(Huet, Fuller, and Prevost 2006). The spatial distribution of the CaCO3 polymorphs was examined 

using Raman microspectrometry and X-ray microdiffraction. The fast reaction of the calcium-

bearing phases in cement provides a convenient method for simulation because an assumption 

of the local equilibrium could be considered compared with the diffusion into the cement. This 

assumption may sometimes be violated due to the formation of the metastable forms of the 

calcium carbonate. The presence of the three calcium carbonate polymorphs in the core which is 

tested by CO2-rich fluid flooding signifies the importance of the kinetics over the presumed 

equilibrium. In fact, a local equilibrium for carbonation cannot be considered reasonable as long 

as metastable CaCO3 polymorphs can be assumed to be present in the sample (Corvisier et al. 

2010). 

An experiment under static conditions was conducted by Kutchko et al. (2008) illustrating 

a depth of penetration of about 1.68 mm and 1.00 mm for supercritical CO2 and CO2-saturated 

brine, respectively. Exposure of the cement to the supercritical CO2 resulted in no evident 

separation zones. The length of diffusion showed a more linear behaviour with respect to the 

square root of the time, a behaviour not seen when the cement matrix was exposed to CO2-

saturated brine. The former observation follows the second law of Fick whereas the latter one 

was described using the Elovich equation (Kutchko et al. 2008).  

2.2.3 Cement Durability 

Barlet-Gouédard et al. (2007) conducted an experiment under static conditions exposing the 

cement cores to the realistic downhole conditions of 90 ℃, 280 bars, and water with a pH of 

around 8 for durations ranging from  a half-day to 3 months.  It was demonstrated that Portland 
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cement is sufficiently resistant to wet supercritical CO2 or to CO2-saturated water. The durability 

of cement is also a function of the curing process. For example, a cement matrix cured at 50 ℃ 

and 30.3 MPa is more resistant to carbonic acid attack compared with a cement matrix cured at 

22 ℃ and 0.1 MPa, with the same curing time-of 28 days. The higher temperature and pressure 

are more representative of sequestration application conditions. It was shown that a higher degree 

of hydration leads to a reduction in  permeability and an increase in resistance to the carbonic 

acid attack (Kutchko et al. 2007).  

2.2.4 Formation of zones 

Formation of different zones was confirmed during carbonation and degradation of the cement 

matrix.  These four zones can be classified from the innermost part to the interface of CO2-

saturated brine and the cement core as: 

1) The unaltered zone. 

2) The Portlandite depleted zone. 

3) The calcium carbonate precipitation zone. 

4) The silica gel zone where the degradation occurs due to calcium leaching and C-S-H 

decalcification. 

Figure 2.1 shows zones formed during carbonation and degradation processes (Corvisier 

et al. 2013, 2010, Kutchko et al. 2007, 2008, Carey et al. 2010, Choi et al. 2016). Although zones 

are almost preferred for describing the alteration in the cement, the fronts including the Portlandite 

dissolution front, the carbonation, and calcium carbonate dissolution fronts are also widely used 

to indicate three main reaction fronts moving into the cement matrix (Rimmelé et al. 2008, Pruess 

2004, Iyer et al. 2017).  

Two methods of mercury porosimetry and back-scattered electron (BSE) imaging were 

applied by Rimmelé et al. (2008) to quantify the evolution of the bulk porosity and local porosity 

gradients. The design of their experiment was similar to the work conducted in (Kutchko et al. 

2007). It was confirmed that the carbonation front moves forward from the rims of the cement 

core into unaltered zones, even during the few first days of exposure. Mercury intrusion 

porosimetry (MIP) indicated a primary sealing stage corresponding to the carbonation process, 

followed by a dissolution phase. The local porosity gradients were produced using scanning 

electron microscope-BSE (SEM-BSE) image analysis and showed that during the first phases of 

the invasion, from day one to three weeks, the sealing stage was active and responsible for 

decreasing the porosity of inner part of the sample, while in the next phase the carbonation front 

was no longer visible and had reached the centre of the sample. During this period, porosity 

increased as a result of the recently formed calcium carbonate undergoing dissolution. The 

porosity in the cement zones illustrated an immediate high increase in the cement-brine interface 
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due to the dissolution of calcite.  Within the next region, the calcite precipitation led to a decrease 

in the porosity of that area, towards interior parts of the sample. In the simulation, porosity was 

again seen to be enhanced as a result of calcium leaching to produce Ca2+. Parallel permeability 

(permeability of casing-cement-rock assemblage when the flow direction is parallel to the 

interfaces between them) is more important, however, if the bonding between formation and 

cement is of good quality, an increase in parallel permeability will not impact the leakage. Indeed, 

permeability can be divided into two types depending on the direction of the diffusion process with 

respect to the flow direction to simulate the alteration of the cement sheath (Zhang et al. 2013). 

The direction of diffusion and flow are the same for the transverse permeability and the flow 

direction is vertical to the diffusion direction for the parallel permeability.  

Figure 2.1. Formation of different zones in a cement exposed to CO2-bearing fluids showing five 

zones from the right to the left side including: unaltered zone (I); Portlandite dissolution zone(II) 

in which calcium carbonate (𝐶�̅�) precipitation also simultaneously occurs; zone (III) accounted for 

the start of  C-S-H (in this case CSH2.5 ) dissolution and gradual termination of 𝐶�̅� precipitation; 

zone(IV) dominated by C-S-H and 𝐶�̅� dissolution, and; amorphous silica gel zone(V) depleted 

from calcium content to a great extent immediate to the brine-cement interface (Liaudat et al. 

2018). 

2.2.5 Depth of reaction fronts 

The initial properties of the cement matrix affect its evolution. For example, a high ratio of initial 

Portlandite to porosity produces local sharp calcite zones which reduces the diffusion of CO2-

saturated brine into the inner parts of the cement matrix, and intensifies the deterioration rate in 

the zones close to the cement-brine interface. Low-Portlandite and high porosity cement types 

are not typically clogged. Furthermore in this case the depth of penetration is higher than for 

cements with a high-Portlandite and low-porosity content (Brunet et al. 2016, 2013, Carroll et al. 

2016). A reactive transport model was developed by Brunet et al. (2013) to account for the 

alteration of the cement matrix in contact with CO2-saturated brine under diffusion-controlled 

conditions. Three main features incorporated in the modelling approach included the coupling of 

the reaction thermodynamics and kinetics with the transport processes, the impact of initial 

This item has been removed due to 3rd Party Copyright. The unabridged version of 
the thesis can be found in the Lanchester Library, Coventry University. 
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cement properties, and the connection between changes within the cement composition to long-

term flow transport properties. This analysis raised the cementation factor as the most critical 

parameter that controls the dynamics of the cement-CO2 system.  Observations illustrated that 

no clogging resulted from low-Portlandite and high-porosity cement matrices, while clogging was 

observed at high-Portlandite and low-porosity conditions. Over the course of 200 days, different 

ratios of Portlandite to porosity simulations showed there to be from less than 1 mm to around 6 

mm depth of penetration. 

Cement samples, which were retrieved from a well exposed to natural gas CO2 to assess 

the degree of carbonation corresponding to the CO2 dissolved in the pore water of surrounding 

formation, indicated that a carbonation depth of millimetres to centimetres is expected, even in 

the absence of any cracks or annular gaps (Scherer and Huet 2009). Sauki and Irawan (2010) 

exposed class G cement to supercritical CO2 for a period of 120 hours at the two temperatures of 

120 and 40 ℃ showed a penetration depth of 0.78 and 0.55 mm, respectively. Samples exposed 

to either CO2-saturated brine or wet supercritical CO2 for 120 hours identified four main zones 

including an innermost unaltered zone, a depleted in Portlandite zone with a thickness of 50-100 

𝜇m, a 100-200-𝜇m zone with a high calcium content, and an outermost zone with a thickness of 

200-400 𝜇m.  

2.2.6 Impact of pozzolans 

Typically, pozzolans are used in cement to reduce the overall cost of cementation and reduce the 

density of the slurry. It was predicted that CO2-saturated brine and supercritical CO2 will penetrate 

to a depth of around 170-180 mm in pozzolanic-cement with the volume fraction of 35:65, 

respectively, over a period of 30 years, confirming that the rate of penetration increases with the 

introduction of pozzolan-amended cement (Kutchko et al. 2009). It was observed that the reaction 

of pozzolanic cement paste was remarkably faster than neat cement with CO2 although any 

degradation of physical properties was not noticeable in pozzolanic cement paste (Strazisar, 

Kutchko, and Huerta 2009). Their findings indicated that the rate of penetration in pozzolanic-

amended cement is higher than in neat cement. Pozzolans increase porosity which results in a 

higher rate of diffusion, and reduce the Portlandite content. Thereby, these type of cements 

prevent the high precipitation of carbonates that boosts the ingress of CO2-bearing fluids into the 

cement matrix (Carey 2013). These studies also indicate a further need for investigating the 

impact of additives affecting the cement behaviour.  

2.2.7 Modelling 

Cement alteration modelling is highly advantageous for extrapolating short-time scale experiment 

studies. In addition, performing a sensitivity analysis concerning a determination of  the variables 

controlling an alteration in the cement is expensive (Zhang et al. 2013), which makes modelling 

more tenable. 



 

14 
 

A diffusion-reaction model was developed by Liaudat et al. (2018) to regenerate 

experimental data in (Duguid and Scherer 2010). To simplify modelling, reactions corresponding 

to aluminium, iron, and sulphur (solid and aqueous) species were removed from consideration. 

On the other hand, modelling the C-S-H progress during reactions is difficult. This is due to the 

disproportional dissolution of composing ions composed of C-S-H to the stoichiometric 

coefficients. Therefore the composition of C-S-H varies along the process of the dissolution. It 

was claimed that front penetration only can be addressed by involving the growth in the effective 

diffusivity of the material due to the degradation process.  Moreover, kinetics’ constants are also 

highly determinant in specifying the width of the degradation front. The proposed quantitative 

reactive-transport model used four primary species including calcium, total carbon, chloride, and 

alkalis. Calcium and total carbon were based on the diffusion-reaction equations and chloride and 

alkalis (or sodium and potassium) which were defined only by the diffusion process. Although this 

model is relatively simple, it successfully predicted the experimental data obtained in (Duguid and 

Scherer 2010). To predict the cement degradation over thousands of years, typical of carbon 

sequestration, a voltage across the cementitious material was applied. This method simulated the 

fast degradation of the cement matrix in the time-order of an experiment for depicting procedure 

over long timescales (Rimmelé and Barlet-Gouédard 2010). This process was dominated by the 

forced transport of the ionic species, and the diffusion was slower than envisaged.  

2.2.8 Conducted experiments for characterising of cement matrix alteration 

Table 2.1, next page, provides information regarding experiments which have been conducted to 

investigate impact of CO2-bearing fluids on the cement matrix.
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Table 2.1. Experimental setup used by different authors to analyse cement alteration due to contact with CO2-bearing fluids (N/A= Not Available). 

Paper Curing conditions Method of 

experiment 

Applied 

temperature 

condition 

Applied 

pressure 

condition 

Core 

dimension 

Properties of 

fluid 

Time-length 

of experiment 

comment 

(Corvisier et 

al. 2010) 

 Class G cement 

 Cores cured for 72 hrs at 90 

℃ and stored in water. 

Batch system 90 ℃ 30 MPa 

 Diameter: 

30 mm 

 Length: 65 

mm 

 pH of CO2 

saturated 

water: 2.9 

 Calcium 

content: 80 

mg/litre 

3, 22, 35,and 

51 days 

 This work focused on the forming 

metastable calcium carbonates ahead of 

reaction front. 

 The Simulation predicted a depth of 

around 1.1 mm for the movement of 

carbonation front into the cement during 

84 hrs. 

(Rimmelé 

and Barlet-

Gouédard 

2010) 

Class G cement 

The leaching is 

induced by a 

forced transport 

in CO2-rich 

environment 

(LIFTCO2) 

procedure. 

From ambient 

temperature to 

50 °C   

1 atm 

 Diameter: 5 

cm 

 Length: 2.5 

cm 

N/A 
4 days, 5 

weeks 

 The long-term degradation was 

simulated using an electrophoresis 

voltage between 10-50 V 

 The voltage difference was used to 

accelerate the reaction process to model 

long-term durability of cement. 

 The depth of altered zone after 5 

weeks at the cathode side: 800 µm, and 

at the anode side: 200 µm.   

(Zhang et al. 

2013) 

Curing time: 28 days  

 
Batch system 50 °C 150 bars 

 Diameter: 

12 mm 

 Length: 60 

mm 

 Initial pH: 

2.9 

 Brine 

salinity: 1 wt 

% NaCl 

2.5, 28, and 90 

days 

 The co-injection of H2S and CO2 in a 

cement with  

35 vol % pozzolan and 65 vol % class H 

Portland cement was investigated. 

 The simulation showed a calcite peak 

at 0.4-mm depth after 90 days. 
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(Kutchko et 

al. 2008) 

 Class H neat cement. 

 (water to cement ratio) W/C: 

0.38 

 Cement moulds were 

submerged in a 1 wt % NaCl 

(brine)  

 Temperature: 50 °C  

 Pressure: 30.3 MPa 

 Samples were demoulded 

from casts after 3 days and 

hydrated for of 28 days 

Batch system 50 °C 30.3 MPa N/A 

 Initial pH: 

2.9 

 Brine 

salinity: 1 wt 

% NaCl 

Up to one year 

The extrapolation indicates a penetration 

depth of 1.68 ±0.24 mm for the 

supercritical CO2 and 1.00 ±0.07 mm for 

the CO2-saturated brine after 30 years. 

(Kutchko et 

al. 2009) 

 Class H cement 

 35:65 and 65:35 (volume 

ratio of pozzolan to cement) 

pozzolanic cement blend  

 Temperature: 50 °C 

 Pressure: 15 MPa 

 Curing time: 28 days 

Static condition 50 °C 15 MPa 

 Diameter: 

12 mm 

 Length: 130 

mm 

Fresh water 

 

5, 7, 9, 14, and 

31 

days 

 The effect of pozzolan was considered. 

 Penetration depth into 35:65 pozzolan-

cement blend Class H: 170-180 mm 

under the CO2-saturated brine and 

supercritical CO2  conditions over 30 

years  

 The system 65:35 pozzolan-cement 

blend class H fully reacted with 

supercritical CO2 within 2 days: 5 mm in 

2 days under CO2-rich brine conditions, 

however, it was not possible to precisely 

determine an alteration rate for this 

system. 
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(Strazisar, 

Kutchko, and 

Huerta 2009) 

 Class H cement 

 35:65 and 65:35 (volume 

ratio of pozzolan to cement) 

pozzolanic cement 

blend  

 Curing time length: 28 days 

 Samples were submerged in 

1 wt % NaCl 

 Pressure: 2200 psi 

 Temperature: 50 °C 

Batch system 
50 °C 

 
2200 psi 

Diameter: 2 

inch 

Brine salinity: 

1 wt % NaCl 
31 days 

It was found that reaction of pozzolanic 

cement paste is remarkably faster than 

with neat cement, although degradation 

of physical properties is not significant in 

pozzolanic cement paste. 

 

(Duguid and 

Scherer 

2010) 

 Class H neat cement 

 W/C: 0.38 

 Cement moulds were 

submerged in a 0.5 M NaCl 

 Temperature: 20 ℃, 50 °C 

 Curing time: 12 months  

 

Flow-through 

reactor 

Continuously 

stirred 

20, and 50 °C 

 

Atmospheric 

pressure 

 Diameter: 

7.5 mm 

 Length: 200 

mm 

 pH: 2.4, 3.7 

 Brine 

salinity: 0.5 M 

NaCl 

Up to 30 days 

 The brine was renewed in contact with 

cement. 

 The Rate of penetration front 

movement: 0.025-0.240 mm/day for neat 

paste samples under sandstone-like 

conditions and 

0.023-0.444 mm/day for the paste 

containing 6% bentonite under 

sandstone-like conditions 

 No apparent damage over the course 

of the 

experiment  

 Time-length:~ 1 month 
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(Recasens et 

al. 2017) 

 Class G cement 

 W/C: ~ 0.40 

 Pressure: 138, 296, and 345 

bars 

 Temperature: 50, 74, and 83 

°C 

 Setting time: 24 hrs 

 Antifoam-class G cement or  

a 50:50 mixture of cement 

class G and pozzolan 

N/A N/A N/A 

 Diameter: ~ 

37 mm 

 Length: ~ 

27 mm 

N/A 

It was 

supposed for a 

time-length of 

1 to 9 months 

of experiment 

 It was aimed at investigation of 

different curing conditions on the 

permeability evolution 

(Barlet-

Gouédard et 

al. 2007) 

 Class G cement with an 

antifoam agent, a dispersant 

and a 

retarder 

 Curing time: 72 hrs 

 Pressure: 207 bars 

 Temperature: 90 ℃ 

Static condition 
90 °C 

 
280 bars 

 Diameter: 

1.27 cm 

 Length: 

2.54, 5.08 cm 

 Fresh water 

 Expected 

pH resulted 

from the 

dissolution of 

CO2 in water: 

2.8 to 3 

Half-day, 2, 4 

days, 6 weeks, 

and 3 months 

 Portland cement is not sufficiently 

resistant to wet-supercritical CO2 or to 

CO2-saturated water 

 Depth of penetration:  

1-2 mm after 44 hrs; 5-6 mm after 3 

weeks; and ~ 7 mm after 6 weeks 

(Rimmelé et 

al. 2008) 

 Class G cement 

 Curing time: 72 hrs 

 Pressure: 207 bars 

 Temperature: 90 ℃ 

Static condition 
90 °C 

 
280 bars 

 Diameter: 

1.25 cm 

 Length: 2.5, 

5 cm 

Fresh water 

Half-day, 2, 4 

days, 6 weeks, 

and 3 and 6 

months 

Depth of penetration: 0.5-1 mm after half 

a day; 1-2 mm after 2 days; 5-6 mm after 

3 weeks; and ~7 mm after 6 weeks 
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(Kutchko et 

al. 2007) 

 Class H Portland cement 

 W/C: 0.38 

 Four types of curing 

conditions: 1- 22 °C and 0.1 

MPa; 2- 22 °C and 30.3 MPa; 

3- 50 °C and 0.1 MPa; 4- 50 

°C and 30.3 MPa 

 Curing time: 28 days 

 Cement moulds were 

submerged in 1 wt % NaCl 

Static condition 50 ℃ 30.3 MPa 

 Diameter: 

12 mm 

 Length: 130 

mm 

Brine Salinity: 

1 wt % NaCl 

 

9 days 

 The cement cured at 50℃ and 30.3 

MPa was more resistant to carbonic acid 

attack rather than cement cured at 22℃ 

and 0.1 MPa. 

 Depth of reaction front penetration: 

0.22-0.59 mm over the course of  9 

days. 

(Sauki and 

Irawan 2010) 

 Class G cement 

 W/C: 0.44 

 Curing time: 8 hrs 

 Curing condition: (140 bars 

and 40 ℃), ( 140 bars and 120 

℃), (105 bars and 40 ℃) 

Static condition 40, and 120 ℃ 
105, and 140 

bars 

 Diameter: 

1.5 inch 

 Length: 2 

inch 

Brine Salinity: 

0.01 M NaCl 

24, 72, and 

120 hrs 

It was confirmed that formation of CaCO3 

may increase the compressive strength 
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2.3 Effect of cracks on the rate of cement alteration 

2.3.1 Predominating Phenomena 

The safe, reliable, and long-term underground CO2 storage justifies exploring sound strategies for 

assessing the risk of CO2 leakage to the Earth’s surface. One of the possible leakage source of 

CO2 to the surface occurs through damaged well cements. Mechanical constraints are one of the 

main sources for irreversible cement damage. Experiments based on batch systems are not able 

to regenerate the combined impact of chemical and hydrodynamical processes where reactants 

are continuously renewed  and the diffusion process is the main transport mechanism (Luquot, 

Abdoulghafour, and Gouze 2013). Mostly, the permeation of CO2-saturated brine into the cement 

was assumed to be dominated by diffusion (Brunet et al. 2016, Huerta et al. 2016, Huet, Prevost, 

and Scherer 2010, Shen, Dangla, and Thiery 2013). The advective transport was also considered 

along the interface between the fracture and brine. 

Experiments were conducted under either a constant pressure differential or constant 

flow rate. A constant pressure differential is more likely to occur in downhole conditions of 

abandoned wells rather than at a constant flow rate. Although, longer cores are required for 

investigating cement alteration under a constant pressure gradient in order to allow longer 

residence time. This method increases the precision for measuring small changes occurring in 

conductivity due to the precipitation on the surface of the fracture (Asahara et al. 2013, Brunet et 

al. 2016, Cao, Karpyn, and Li 2015, Huerta et al. 2016). Nonetheless, constant flow rate 

conditions were also extensively applied to  examine cement alteration (Falcon-Suarez et al. 

2018, Huerta et al. 2013, Walsh et al. 2013). Flow-through experiments renew the CO2-saturated 

brine that is in contact with fracture surface, thereby exacerbating the degradation process. This 

condition is likely to occur when a direct connection between the storage formation and overlaying 

layers, above caprock, is formed. It can also be representative of the cement alteration within 

areas close to the perforations of the CO2 injection wells. 

The stability of a defect is influenced by both mechanical and chemical phenomena, even 

when the effect of compressibility and elasticity are negligible.  The combination of the reaction 

and flow through the defect may trigger a width reduction downstream due to the calcite 

precipitation, while upstream, the silica gel is formed and leached from the calcium (Deremble et 

al. 2011). 

Typically, cement matrix permeability is lower than 200 𝜇D (Kutchko et al. 2009), as a 

standard maximum permeability recommended by American Petroleum Institute (API). Therefore, 

unless in the case of a high degree of cement carbonation and degradation, the cement matrix 

alone may not be particularly prone to leakage in the presence of fractures, microannuli, and 

channels. These conduits are the most potential leakage pathways based on a large difference 

in permeability between them and the cement matrix. It is evaluated by the theory of smooth 

parallel plate cracks that tortuosity and roughness can reduce the predicted permeability by a 
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factor of 4 to 6 (Akhavan, Shafaatian, and Rajabipour 2012). The cement permeability is 

extremely low and fracture can be assumed to be the dominant flow path that is highly impacted 

by the reactions within the cement matrix. Huerta et al. (2013) illustrated that the leakage of CO2-

rich fluids along a wellbore may curb the leakage pathway in the case of a small initial aperture 

and the sufficient residence time. In fact, these two conditions grants the mobilisation and 

precipitation of minerals along the fracture. 

Mainguy and Ulm (2001) investigated the coupled diffusion-dissolution process in a 

reactive porous media detached by a fracture channel. They provide a framework for formulating 

the diffusion-dissolution behaviour of the reactive transport porous media by assuming convective 

transport to be negligible in comparison with the solute diffusion. The role of the convective 

transport typically becomes important in the presence of a high-pressure gradient and/or fast fluid 

flow across a porous media whereas for microcracks and non-smooth cracks the diffusion is the 

governing force. The solute evacuation from small crack openings gradually slows down over a 

long time. The length of the diffusion process in the fracture is appropriate to the quadratic root 

of time. The square root of time also describes dependency of the length of diffusion into the bulk 

material to time in one-dimensional degradation. Their finding disclosed that the propagation of 

the dissolution front and the chemical degradation of porous material do not significantly increase 

due to the presence of a small crack.  

Diffusion was assumed to dominate the transport of CO2-rich solution into fractured marl 

cores as a caprock (Dávila et al. 2016). Computed outlet concentrations at low flow rates match 

reasonably with the experiment results, while at a higher flow rate they did not precisely match. 

Nevertheless, the most of the dissolution patterns were reproduced in their simulations. It was 

shown that the calcite dissolution rate at the interface of the fracture and rock matrix was faster 

than the internal parts of the matrix due to the direct contact of the advective flow with calcite. 

Indeed, by forming new altered zones within matrix,  the contact surface area of the calcite and 

solution decreases and partaking minerals subsequently alter, thereby impacting the alteration 

process (Brunet et al. 2013, Hernández-Rodríguez et al. 2017).  

Iyer et al. (2017) discussed the effect of the relative rates of the reaction and the diffusion 

on the precipitation of calcium carbonate within narrow leakage pathways in cement. The model 

in (Walsh et al. 2013, 2014a, 2014b) was developed to incorporate the reaction-rate limited 

behaviour of the front movement. The previous model had a limiting assumption explaining 

reactions occur at rates substantially faster than the rate of diffusion. In contrast, the diffusion 

process is faster than the reaction rate in the cement matrices in which fronts are close to each 

other. By developing this model they studied the changes in permeability due to the reaction-

limited conditions, the implication of the calcite precipitation and the mechanical deformation on 

fracture sealing, and the reason for the different behaviour of cements previously subjected to 

calcium leaching. Applying the reaction-limited model and coupling it with an appropriate 



 

22 
 

mechanical deformation model made it possible to account for fracture sealing attributed to the 

precipitation, the chemical and the mechanical changes. Although it was confirmed that 

mechanical deformation may not solely be responsible for fracture sealing, at the same time it 

might intensify the effect of chemical sealing. 

The fracture aperture decreases in areas with low aperture due to the calcite precipitation 

while the preferential pathways are extended where the apertures of higher values are present. 

The rate of degradation decreases with increasing the distance formed between the reaction 

fronts and fracture where reactants are renewed by the advection process (Abdoulghafour et al. 

2016). In this work, the amorphous silica layer was modelled and the effect of fracture aperture 

heterogeneity was accounted-for in the clogging mechanism. Fracture patterns follow the initial 

heterogeneity and initial distribution of aperture along the fracture that firmly controls probable 

leakage. Self-healing behaviour was expected to occur in low aperture zones, while perennial and 

localised flow most likely occur in highly connected aperture paths. 

2.3.2 Effect of residence time 

Cao, Karpyn, and Li (2015) introduced a reactive transport model aimed to investigate the 

evolution of properties in fractured cement matrices. In this model a threshold was proposed to 

identify the fracture opening from self-sealing behaviour. This behaviour is likely to occur in low 

initial fracture apertures. Residence time played a significant role in their modelling. It was shown 

by increasing residence time the mineral precipitation became the dominant process leading to 

fracture sealing. Permeability illustrated an increase with decreasing in the residence time. Fast 

flow rate and the abundance of CO2 reduces the probability of self-sealing behaviour, while 

increasing the residence time allows the precipitation process to clog leaky wells (Huerta et al. 

2016).  

Fast flow condition to some degree prevents change in permeability and tends to retain 

the aperture open. A low flow rate may result in the precipitation of calcium carbonate and lead 

to self-sealing. A sensitivity analysis showed that, at the beginning of sealing, changes in the 

specific area of Portlandite had the most prominent effect (Brunet et al. 2016). Increasing both 

Portlandite and calcite have the same impact on the initiation of sealing. Moreover, a higher matrix 

flow resulted from a higher matrix permeability contributing to faster fracture sealing due to the 

formation of sharper calcite peak. A higher permeability ratio of fracture over matrix leads to a 

reduction in calcium concentration. Therefore, this case generates a less dense calcium 

carbonate precipitation zone. For exceedingly low flow rate, it was shown that fracture 

permeability declines, while at a high flow rate the permeability remains rather constant. In 

addition, in the case of an intermediate flow rate, the hydraulic aperture could increase (Luquot, 

Abdoulghafour, and Gouze 2013).   

A high flow rate brings a huge amount of unreacted or fresh acidic brine in contact with 

the fracture surface.  Fresh CO2-bearing fluids aggravates the leaching of minerals from fractured 
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cement wells and leads to the opening (Carroll et al. 2016, Brunet et al. 2016, Cao, Karpyn, and 

Li 2015). A fracture opening increases permeability. If pressure gradient remains constant, this 

process will result in a higher flow rate through the fracture.  In fact, a positive cycle is created 

thereby increasing permeability. In low flow rate conditions, however, calcium carbonate has 

enough time to precipitate at downstream positions which seals the fractures. The concept of 

residence time for characterising the fracture behaviour including self-sealing and opening (as 

the ratio of the fracture volume over the flow rate) was introduced to determine a threshold for 

separating these two behaviours (Brunet et al. 2016, Carroll et al. 2016, Huerta et al. 2016, 2013, 

Cao, Karpyn, and Li 2015). In a CO2-bearing fluids flooding into a fracture cement matrix, 

increasing residence time enhances the opportunity for the minerals leached from the cement 

matrix at the inlet location in supersaturated influent to deposit downstream, and leading to a self-

healing behaviour. At low ranges of the residence time, the leached minerals will be depleted from 

the fracture without having sufficient time to deposit at downstream locations, therefore the 

fracture aperture starts to increase. Despite statements in (Brunet et al. 2016, Cao, Karpyn, and 

Li 2015, Huerta et al. 2016) disclosing the residence time threshold as a criterion to separate self-

healing from the fracture opening behaviour, many studies indicated that self-healing behaviour 

is more likely to occur at normal conditions of underground carbon storage (Abdoulghafour et al. 

2016, Dávila et al. 2016, Deremble et al. 2011, Huerta, Bryant, and Conrad 2008, Huerta et al. 

2009, 2013, 2016, Luquot, Abdoulghafour, and Gouze 2013, Nakano, Mito, and Xue 2017, Walsh 

et al. 2013).  

2.3.3 Mechanical behaviour of cracks 

The assumption of the plastic behaviour and the deformation of cement under stress to block the 

leakage pathway was speculated in (Huerta, Bryant, and Conrad 2008). A characteristic 

dependence was found between the change in the fracture aperture and the confining stress for 

unreacted fractured cores. A moderate reaction of fracture with a low pH brine resulted in the 

aperture alteration twice as high for the same change in the confining pressure in the unreacted 

fracture due to the loss of the mechanical strength on the fracture surface. The developed reaction 

of fracture with low pH brine leads to a significant plastic defamation as the confining pressure 

reduces to its initial value. The mechanical weakening of the cement core due to the chemical 

reactions results in a fast closure of the aperture with increasing confining stress. Furthermore, 

the joined degradation of the cement matrix with decreasing fluid pressure could also result in 

self-healing behaviour of wellbore cements (Huerta et al. 2009).  

The 𝐾 (bulk modulus), 𝐺 (shear modulus) moduli, and the elastic wave velocities of the 

annular carbonated samples depicted a high degree of sensitivity to the confining pressure, up to 

15 MPa interpreted as the elastic closure of micro-cracks (Fabbri et al. 2009). Performing a 

sensitivity analysis on the experiments is time-consuming and expensive, therefore simulations 

are preferred. At the beginning of sealing, changes in the specific area of Portlandite have had 
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the main impacts on the start of sealing, indicated by the sensitivity analysis conducted in (Brunet 

et al. 2016). 

2.3.4 Formation of zones 

At the inlet of the core cement, in flow-through experiments, the zone formation is more distinct 

than downstream locations along the fracture length. By approaching the outlet, these zones 

become narrower. Depending on the residence time, calcium carbonate precipitation begins at a 

position along the fracture where fluid within the fracture becomes supersaturated with the 

concentration of calcium content. If this assumed position was beyond the core length then the 

occurrence of fracture opening would be more probable, otherwise these process are likely to 

yield self-sealing behaviour (Iyer et al. 2017, Xiao, T. et al. 2017). 

2.3.5 Conducted experiments for investigating effect of cracks on the rate of cement 

alteration 

Table 2.2, next page, summarises information of experiments which have been conducted to 

explore mutual effects of cement degradation on flow through cracks and vice versa. 
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Table 2.2. Experimental setup used by different authors to analyse cement alteration in the presence of cracks due to contact with CO2-bearing fluids 

(N/A= Not Available). 

Paper Curing conditions 
Method of 

experiment  

Applied 

temperature 

condition 

 Applied 

pressure 

condition 

Core 

dimension 

Properties of 

fluid  

Fluid rate/ 

pressure 

gradient 

Aperture 
Time-length of 

experiment 
comment 

(Huerta et al. 

2013) 

 Class H neat oil well 

cement 

 W/C=0.38 

 Curing procedure: 

samples were cured under 

temperature of 50 ℃ and 

ambient pressure for the 

first 3 days and then 

removed from moulds and 

submerged in water at 

ambient temperature and 

pressure for next 28 days. 

 

 

Flow-through N/A 

Confining 

pressure: 

around 500 

psi 

 Diameter: 

2.54 cm 

 Length: 

3.19-7.17 cm 

 Injection pH: 2-

3.15 

 Hydrochloric 

acid was used as 

an analogue of 

CO2-rich fluids to 

decline 

experiment time 

scale 

Flow rate: 0.1-

12 mL/min 

Initial 

hydraulic 

aperture: 24-

122 𝜇m 

Total fracture 

volume 

injected:1029-

101714 

The solubility of cement 

increases as pH declines, in 

consequence, cations are 

freed (e.g., Ca, Al, Fe) and 

precipitation resulted from 

mixing aqueous phase 

cations with high pH pore 

fluid ahead of the acid front. 

Their experiments mostly 

follow this trend to highlight 

behavioural key types rather 

than reproducing precise 

downhole conditions. 

 

(Luquot, 

Abdoulghafour, 

and Gouze 

2013) 

 A sulphate-high resistant 

Portland cement (SRPC) 

 W/C: 0.4 

 Curing time: 4 months 

 

Flow through 60 ±0.5  ℃ 

Pore 

pressure: 10 

±0.1 MPa 

 Diameter: 

9 mm 

 Length: 18 

mm 

 Entry brine 

composition: 0.5 

M NaCl and 

0.053 M CaCl2 

 pH of entry 

brine: 3.45 

 Name of 

fractured 

samples: P1, 

P2, and P3 

 Constant flow 

rate: for P1: 2 

mL/min; for P2: 

0.2 mL/min 

Fracture 

aperture; 5 

(P3), 25 

(P2), and 35 

𝜇m (P1) 

using 

micrometric 

gauge sheet 

For P1: 5.5 hrs; 

for P2: 50 hrs 

The detected zones for 

experiment duration of 5.5 

hrs: (i) a high porosity zone 

of around 100- micron-large; 

(ii) a dense zone with very 

low porosity of around 100 

microns; (iii) a zone with 

higher porosity than the 

second one but lower than 

the first one of around 50 

microns and (iv) the non-

reacted cement; for 

experiment duration of 50 

hrs, the same zones were 

identified except the first 

one, and thickness of third 
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zones is around 450 

microns. 

(Cao, Karpyn, 

and Li 2015) 

 Class H ordinary Portland 

cement 

 W/C = 0.38 

 The cement moulds are 

submerged in 1 wt% NaCl 

 Curing time: 72 hrs 

 Pressure: 8.936 MPa 

 Temperature: 50 ℃ 

 Curing time length: 28 

days 

Flow-through 25 ℃ 

Confining 

pressure: 

6.343 MPa 

 Diameter: 

37.2 mm 

 Length: 

77.2 mm 

 Brine salinity: 1 

wt% NaCl 

 Average pH of 

CO2-saturated 

brine before core 

flooding: 3.9 

Flow rate: 

0.008 cm3/s 

212 𝜇m 

obtained 

from 

computed 

tomography 

(CT) images 

190 hrs 

 Three cores were stacked 

together and build a length 

of 224.8 mm 

 Thickness of reaction 

zones at inlet after 190 hrs 

from fracture interface  

towards interior parts of 

cement: (zone 1, high loss of 

calcium, ~ 300 µm); (zone 2, 

precipitation of calcium 

carbonate, ~ 200 µm); (zone 

3, Portlandite depleted zone, 

~ 150 µm) 

(Abdoulghafour 

et al. 2016) 

 Cement class G 

 W/C = 0.4 

 The slurry, firstly, was 

cured for 24 hrs at 

temperature of 50 ℃, then 

placed in a PVC mould for 

duration of four months to 

reach maximum hydration 

Flow-through 60 ℃ 10 MPa 

 Diameter: 

9 mm 

 Length: 18 

mm 

Brine salinity: 0.5 

M NaCl and  

7.1*10-4 CaCl2 

 The 

experiment has 

been conducted 

under constant 

flow conditions 

 Constant flow 

rate: 100 

𝜇𝐿/min, 

corresponding 

pressure 

gradient: 0.5-1 

MPa/m 

The 

mechanical 

aperture 

before 

experiment 

was about 

14 𝜇m which 

was in 

reasonable 

agreement 

with 

hydraulic 

aperture 

100 hrs 

Depth of penetration of 

reaction front during 100 hrs: 

up to around 1.3 mm 

(Huerta et al. 

2009) 

 Cement class H 

 Curing at temperature of 

125 ℉ and under 

atmospheric pressure 

 

Flow-through N/A 

Loading 

cycle of 

increasing 

confining 

pressure to 

maximum of 

typically 750 

psia 

 Diameter: 

~ 2.5 cm 

 Length: ~ 5 

cm 

CO2-saturated 

brine 

Flow rate: 0.01-

10 mL/min 

Fracture 

aperture was 

measured as 

a function of 

confining 

pressures 

ranges from 

10 𝜇m to 22 

𝜇m 

7 and 12 days 

The joined degradation of 

cement with decreasing fluid 

pressure can result in self-

healing behaviour of 

wellbore cements 
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(Huerta et al. 

2016) 

 Cement class H 

 W/C= 0.38 

 Samples, firstly, was cured 

for 3 days at temperature of 

50 ℃ and under ambient 

pressure, then placed in 

deionised water for during of 

28 days at the same 

temperature and pressure 

Flow-through  Around 22 ℃ 

 For 

constant 

pressure 

gradient 

experiment:  

Confining 

pressure: 

1896-2457 

psi 

Pressure 

differential: 

2.0-55.1 psi 

Flow rate: 

0.006-0.13 

mL/min 

 For 

constant flow 

rate 

experiment:  

Confining 

pressure: 

1519-1653 

psi 

Flow 

rate:0.25-3 

mL/min 

Pressure 

differential: 

0.2-5.7 psi 

 For 

constant 

pressure 

gradient 

experiment:  

Diameter: 

2.54 cm 

Length: 

21.9-24.38 

cm  

 For 

constant flow 

rate 

experiment:  

Diameter: 

2.54 cm 

Length: 

5.37-7.24  

cm  

 

CO2-saturated 

distilled water 
N/A 

 For 

constant 

pressure 

gradient 

experiment:  

Hydraulic 

aperture: 3-

17 𝜇m 

 For 

constant flow 

rate 

experiment:  

Hydraulic 

aperture: 33-

47 𝜇m 

 

 For constant 

pressure 

gradient 

experiment:  

Total volume 

injected to seal: 

1.172-6.51 mL 

 For constant 

flow rate 

experiment:  

Total time: 477-

3034 min 

Residence times were in the 

range of 48-360 s for 

constant pressure gradient 

conditions, while for constant 

flow rate were much lower 

from 1 to 21 s 
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2.4 Effects of gap between the casing and cement on the rate of cement alteration 

Bachu and Bennion (2009) carried out two experiments to investigate CO2 leakage through well 

cements. Their work was categorised into two main sections including a geochemical analysis of 

CO2 leakage, and probing effects of radial cracks in cement and annular space between the 

wellbore casing and cements. A good quality cement matrix with a permeability of 0.1 𝜇𝐷 was 

subjected to 90 days of CO2-saturated brine at in-situ conditions found in CO2 storage sites. 

During the first phase of their project the permeability promptly declined. This rapid fall could be 

attributed to the formation of a carbonate layer in contact with the cement and CO2-saturated 

brine, which prevents further cement degradation. Moreover, CO2 exclusion led to a multiphase 

flow and increases the relative-permeability effect which decreases permeability. However, it is 

possible that very fine particles freed due to the carbonation process led to plugging and reducing 

permeability. A good quality bonding between cements, casing and surrounding rock is a reliable 

barrier to the upward movement of CO2-bearing fluids. It should be noted that an aperture of 0.01 

to 0.3 mm might lead to a remarkable enhancement of at least six orders of magnitude in 

permeability.  

Carey et al. (2010) proposed that an enormous amount of CO2 leakage happens through 

the casing-cement microannulus, cement-cement fractures, or cement-caprock interface. A 

casing-cement microannulus was simulated in (Carey et al. 2010) by using core-flood 

experiments conducted on a synthetic wellbore system. It was consisted of a cylindrical core 

cured with an embedded rectangular steel casing which had grooves to allow fluid flow. A mixture 

of supercritical CO2 and brine flowed through limestone before entering the casing-cement 

grooves. Scanning electron microscopy (SEM) indicated that both the cement and the casing 

were affected by CO2-brine mixture. 

Wellbore integrity problems can usually be divided into two main categories including the 

poor completion and abandonment, and the long-term stability of a wellbore in a CO2-rich 

environment. CO2 accelerates steel corrosion and converts Portland cement into mixtures of 

calcite and silica. The impact of CO2 on wellbore integrity as a function of the fluid dynamics, the 

reaction kinetics, and the stress state is of main concern. The relative rates of chemical reactions 

and fluid flux determine whether the process is dominated by dissolution and continuous widening 

or the solid products of reactions will precipitate on the interfaces which seal the interface against 

subsequent fluid flow.  

The experiment design in (Carey et al. 2010) consisted of a 10-cm length of limestone to 

simulate the movement of CO2 through reservoir or cap-rock prior flooding into a synthetic 6-cm 

wellbore constructed of Portland cement with an embedded rectangular steel casing. Given a 

confining pressure may seal the cement-steel interface, seven grooves of 0.2-0.8 mm deep were 

carved on the steel surface and approximately 0.1 mm on the cement surface. It was ensured 

that fluid flow only occur through the cement-steel interface due to the extremely low permeability 
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of Portland cement. The results illustrated the formation of a ‘wormhole’ at the inlet of the 

composite limestone-cement/casing, while on the other end of the limestone core there was no 

trace of the ‘wormhole’,. This phenomenon was explained by setting an equilibrium within the 

limestone occurring along the limestone core. There were signs of corrosion in both of the outlet 

and inlet of the cement. The initial permeability of the assemblage was around 0.52 Darcy (D). 

Subsequently, the system was flushed with brine and the permeability at residual CO2 was re-

measured to be approximately 0.67 D.  

After the experiment, four sections were extracted from the cement-casing core. 

Examination of the sample by SEM indicated abundant evidence of chemical reactions between 

the CO2-saturated brine, steel, and cement. Portland cement did not show any notable erosion 

and CO2 did not diffuse into it. The analyses disclosed the variation in the chemistry of channel 

deposits from approximately pure Fe- to approximately pure Ca- carbonates. Produced fluids from 

the experiment had abundant brown precipitates that were considered to be Fe-rich minerals 

obtained from the steel casing corrosion. 

The carbonation included an extension of an orange colour, replacement of primary 

cement hydrate phases by calcium carbonates and the loss of residual cement clinker phases. 

However, the development of carbonation is a function of the diffusion process with a clear border 

between carbonated and unaltered cement. 

Figure 2.2. Chemical reactions in the cement carbonation (Zone 1) and corrosion of the steel 

(Zone 2) and exhibition of the cement–casing contact in the wellbore (Carey et al. 2010). 

A general combination of the work which was conducted in (Carey et al. 2010) and the 

works in (Carey et al. 2007, Kutchko et al. 2008, Wigand et al. 2009) indicated that Portland 

cement is resistant to a mass loss in CO2-brine systems. Carey et al. (2010) noted that the 

diffusion of CO2-bearing fluids into the cement matrix was assumed to be a one-dimensional 

This item has been removed due to 3rd Party Copyright. The unabridged version of the 
thesis can be found in the Lanchester Library, Coventry University. 
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problem resulted in an effective diffusion coefficient ranging from 1.1×10-10 to 4.4×10-12 cm2/s for 

depths of 50-250 𝜇m. It seems that CO2-brine fluids corrode the standard steel casing more than 

the cement matrix. 

These studies confirmed the presence of iron carbonates in the gap between the steel 

casing and the cement. It shows a preferred corrosion of the steel casing exposed to the acidic 

brine (CO2-saturated brine) rather than diffusion into the cement. Figure 2.2 simply illustrates 

reactions at the casing-cement interface resulting in formation of two main products of calcium 

carbonate and iron carbonates. The corrosion results in self-healing behaviour of the gap between 

the cement and the steel casing at the outlet position. The formation of a protective iron carbonate 

scale prevents further corrosion of the casing while the carbonated cement further protects the 

casing against considerable corrosion. Typically, corrosion rates decline with time due to the 

formation of scale on the surface of the casing. It was shown that scale formation decreases the 

corrosion rates of the steel casing by two orders of magnitude compared to a fresh steel casing 

(Huet, Prevost, and Scherer 2010). The self-healing behaviour of a wellbore system is still 

uncertain and needs a systematic investigation while exposed to CO2-rich fluids (Carey 2013). 

The corrosion rates of the mild steel casing in contact with high-CO2 fluids was modelled 

in (Han, Carey, and Zhang 2011). A corrosion rate of 1.24 mm/year (at temperature of 0 ℃, CO2 

partial pressure of 1 bar, in brine of 1 wt% NaCl) to a maximum of 98.37 mm/year (at temperature 

of 100 ℃, CO2 partial pressure of 1000 bars, in brine of 1 wt% NaCl) was predicted. Increasing 

salinity considerably reduces the corrosion rate. For example, a threefold increase in salinity 5 to 

20% reduces the corrosion rate to around half of its initial value. The investigation of bicarbonate 

(HCO3
-) impact on carbon steel exhibited that increasing salinity, in pH ranges of 4-7, declines 

the corrosion rate (Han, Zhang, and Carey 2011). Whilst at a higher pH (7-8), bicarbonate 

concentration increases due to a higher salt concentration which leads to a higher corrosion rate. 

2.4.1 Conducted experiment on effect of gaps between the casing and cement on the 

rate of cement alteration 

Table 2.3 summarises details of experiments which have been conducted to investigate effects 

of flowing CO2-bearing fluids through gaps between casing and cement on their integrity.
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Table 2.3. Experimental setup used by different authors for investigating the effect of gaps between cement and casing on CO2 leakage (N/A= Not 

Available). 

Paper Curing conditions Method of 

experiment 

Applied 

temperature 

condition 

Applied pressure 

condition 

Core dimension Properties 

of fluid 

Fluid 

rate/ 

pressure 

gradient 

Aperture Time-

length of 

experiment 

comment 

(Bachu 

and 

Bennion 

2009) 

 Class G cement 

 Curing time of 

Rod-cement 

sample:14 days 

 

Flow-

through 

 

Temperature 

for rod-

cement 

sample: 60 

℃  

 

Temperature 

for cement 

cores: 65 ℃  

 For rod-cement 

sample 

Confining pressure: 

24100 kPa 

Pore pressure:  13780 

kPa  

 For cement cores 

Confining pressure: 

28940 kPa  

Pore pressure: 15160 

kPa  

 Diameter of 3.8 cm 

and length of 3 cm for 

cores which their 

permeability were 

measured 

 For Rod-cement 

sample: 

Inside diameter: 3.8 cm 

Outside diameter: 7 cm 

length: 9.55 cm 

Brine 

salinity:  

15,000, 

60,000 and 

80,000 mg/l 

of NaCl 

N/A 

 

Aperture 

of cracks 

in 

cement: 

3-5 𝜇m  

 

Aperture 

between 

casing 

and 

cement: 

10-15 

𝜇m 

90 days for 

cement 

cores  

 

 Ethane was used instead 

of CO2 to examine the 

impact of the annular gap 

and crack on the effective 

permeability of cement-

casing assemblage 

 Presence of Both of gap 

between cement and casing 

and radial crack were 

investigated 

(Carey 

et al. 

2010) 

 Class G cement 

 The steel was 

embedded in the 

centre of the 

cement core 

 Curing time: 1 

month 

 Cement moulds 

were submerged in 

the Ca(OH)2-

saturated water 

Flow-

through 
40 ℃ 

 Confining pressure: 28 

MPa 

 Pore pressure: 14 MPa 

 

 Diameter: 5 cm 

 Length of steel-cement 

assemblage: 6 cm 

 Length of limestone 

core before the steel-

cement assemblage: 10 

cm 

 

Brine 

composition: 

25000 ppm 

NaCl, 4000 

CaCl2, 1000 

ppm MgCl2, 

and 200 

ppm MnCl2 

Total 

volume 

of 50:50 

co-

injected 

CO2 and 

brine: 6.2 

litres 

Depth of 

grooves 

in the 

steel: 

0.2-0.8 

mm and 

in 

cement: 

~0.1 mm 

394 hrs 

Carbonation depth: 50-250 

µm and depth of corroded 

steel: 25-30 µm after 394 

hrs 
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2.5 Investigation of leakage through the gap between cement and rock 

Injected CO2 steadily migrates upwards, due to the buoyancy force, until reaches caprock. This 

gas may be trapped just beneath the caprock or continue its movement parallel to a tilted caprock 

(Shariatipour, Pickup, and Mackay 2014, 2016). Therefore, poorly cemented wells which 

penetrate the caprock are highly vulnerable to CO2 leakage from the node of formation-caprock-

cement as the leakage starting point. The low-quality bonding between the storage formation and 

cement provides a leakage pathway, albeit the permeability of this pathway should be higher than 

surrounding storage formation. Many studies are devoted to investigating the effect of CO2 

leakage on the aperture between caprock and cement, please refer to (Abdoulghafour et al. 2016, 

Carey et al. 2010, Dávila et al. 2016, Geloni, Giorgis, and Battistelli 2011, Scherer and Huet 2009, 

Smith et al. 2013, Walsh et al. 2013, 2014a, 2014b, Zhang and Bachu 2011a) to see more details. 

2.5.1 Predominating phenomena  

None of the Elovich and simple diffusive models were able to illustrate the observed silicon and 

calcium reaction concentrations reported in (Walsh et al. 2014b). Experiments actually exhibited 

a super diffusive behaviour for the reaction-zone growth. To address this problem it was 

suggested that the expanding of the reaction-front surface area could be incorporated into the 

modelling approach. The diffusive transport into the cement matrix and the advective transport 

along the cement-formation interface can be contributed to the model to investigate the wellbore 

integrity. For example, at the Krechba carbon storage site, Algeria, a reactive transport model 

was applied by McNab and Carroll (2011). This model which is benefited from a dual porosity 

modelling method postulates a Fickian diffusion for transport into and out of the cement matrix 

and an advective solute transport through the formation. Experiments in (Walsh et al. 2014b) 

shows that the chemical alteration of the cement matrix remarkably exceeds any carbonate 

dissolution in the rock part, and the fracture geometry has no impact on the extent of reactions. 

Even though this model might sound simple, it was capable to regenerate the precise 

development of reaction-zones and effluent chemistry in large-scale and long-term simulations. 

In this modelling, precipitation and dissolution were confined to the reaction fronts to reduce the 

computational cost of the simulation at larger scales and time intervals. 

Duguid, Radonjic, and Scherer (2011) conducted an experiment in which cement cores 

were embedded in sandstone and limestone cylinders which are two most likely types of reservoir 

rocks. It was exhibited that the cements embedded in the sandstone seem to be more vulnerable 

to degradation than those cement cores surrounded by the limestone rocks. Carbonation of 

different phases already present in the pores of the cement does not occur at the same time and 

calcium hydroxide typically reacts prior to C-S-H. At the beginning of the reactions CaCO3 is stable 

due to the alkali nature of the pore environment. However, after a while, and with depleting 

Ca(OH)2  and alkali phases from the pores, the pH reduces and leads to the subsequent 

dissipation of the calcium from the major cement phases. Therefore only a porous silica gel will 

remain.  EQ3/6 (a software package for geochemical modelling of aqueous systems) of Wolery 
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and Jarek (2003) was applied by Duguid, Radonjic, and Scherer (2011) for modelling batch 

systems by considering limestone as CaCO3 and sandstone as SiO2. Results reported by Duguid, 

Radonjic, and Scherer (2011) showed that the cement-limestone did not demonstrate a 

considerable alteration after being exposed to carbonated brine. Whereas the cement-sandstone 

samples experienced a clear change started from the cement-sandstone interface towards 

interior parts of the cement matrix. The cement-sandstone composite experiments conducted by 

Duguid, Radonjic, and Scherer (2011) demonstrated a diffusion-controlled attack at both the room 

temperature and 50℃ during the first 6 months of the experiment. The depth of penetration of the 

visible reaction zone in their experiments showed a linear growth versus Boltzmann variable, t1/2/r. 

Where r is the shortest distance between measurement point and the edge of the sample at the 

time t. During the next six months, the slope of the penetration depth into the cement from the 

sandstone side versus Boltzmann variable or the square root of time altered. Duguid, Radonjic, 

and Scherer (2011) proposed that this variation in the slope is probably due to a change in the 

governing dissolution reactions and clogging of the pores by CaCO3 precipitation due to exposure 

to carbonated brine at a pH between 3 and 5.  

2.5.2 Change in cement properties 

Recently, Connell et al. (2015) conducted two core flooding experiments at similar conditions to 

geological carbon sequestration. They used a composite of cement-sandstone core plugs in order 

to investigate the cement degradation at the cement-formation (or cement-rock) interface. Given 

that the permeability of the intact cement matrix is exceedingly low and that the measurement of 

the cement degradation is typically time-consuming. In order to solve this problem a composite 

of cement-sandstone core plug was constructed which allowed enough flow of water on the basis 

of the high permeability of the sandstone. Cement and sandstone halves were stacked together 

in the experiment, therefore in practice no aperture existed between them. Brine was prepared 

by mixing known quantities of NaCl, MgSO4, and CaCO3 with water. The cement degradation 

requires two conditions to be met; firstly the undersaturated formation waters in calcium and 

carbonate ions, and secondly a flow of fresh water into the cement-sandstone interface to 

transport these solutes away.  Non-carbonate reservoirs are more prone to the cement 

degradation due to undersaturated formation waters in calcium and carbonate. Despite the 

expected increase in porosity of the amorphous and depleted layers, permeability exhibits a 

decline probably due to the formation of calcium carbonate, the low density of the amorphous 

silicate, and enhanced compressibility of changed layers. In addition to the reactions that affect 

cement and the transport behaviour during its exposure to CO2, its mechanical properties also 

undergo an alteration which impacts the porosity and the permeability of the cement half. A model 

was represented by Walsh et al. (2014a) based on the nano-indentation, x-ray tomography, and 

digital image correlation data. This model characterises the relevance of the reaction layers to the 

mechanical response of the cement interfaces. The model was developed by Walsh et al. (2014a) 

to relate the fracture conductivity to the applied stress and the extent of reaction. In this 
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experiment, the majority of flow occurred through the fracture rather than the cement matrix. 

Therefore, they used the hydraulic aperture to represent the hydraulic properties of the cement-

rock core. The linear relationship between the effective stress and the hydraulic aperture was 

based on the fact that every model exhibits a linear behaviour over some ranges. However, 

changes in the matrix permeability were omitted from their calculations and the fracture was 

considered as the main flow path. The hydraulic aperture decreased owing to the chemical 

reactions that weaken the asperities (asperities keep the fracture aperture open) in the cement-

rock interface (Walsh et al. 2014a). This process leads to the fracture closing due to confining 

pressure burdened on the sample. Nano-indentation measurements by Walsh et al. (2014a) 

showed that the amorphous layer is the most compressible layer, followed by the calcium-

depleted layer, while calcium carbonate layer remains the stiffest layer, equal or just above the 

strength of the unreacted layer against deformation. A reaction model was developed by Mason 

et al. (2013) in which the reaction path is linked to the mechanical response of the altered zones 

and their corresponding impact on the wellbore performance in CO2 storage sites. The majority 

of the amorphous component was assigned to the amorphous aluminosilicate with similar 

composition to the zeolite minerals of the mordenite or clinoptilolite. Their work illustrated that 

during the exposure of cement to CO2-bearing fluids, an alteration of C-S-H occurs simultaneously 

with calcium carbonate precipitation. 

The depth of penetration of the reaction front into the cement in (Walsh et al. 2013), was 

about 2 mm after eight days. This value was greater than depths reported in (Kutchko et al. 2007, 

2008, Carey et al. 2010). This observation was attributed to the differences in brine chemistry and 

the flow rate. Experiments conducted under flow-through conditions usually show deeper 

penetration rather than the static condition, whereas with decreasing the flow rate the thickness 

of the calcium carbonate zone increases. Depending on the brine chemistry and at larger time 

scales, the precipitation of calcium carbonate and the volume fraction of calcite determine the 

relative speed of leading edge of the calcium carbonate layer and depleted region. Tortuosity also 

influences the general rate of the front propagation. Simulations illustrated an increase in the 

porosity value and a decrease in the total permeability, in part as a result of swelling in the 

amorphous silicate layers, and mechanical degradation of the asperities acting as pillars. In 

contrast, numerical modelling of the carbonation process by Geloni, Giorgis, and Battistelli (2011) 

which includes Portlandite dissolution and the precipitation of calcium carbonate simultaneously 

by partially C-S-H dissolution showed a reduction in the porosity. During the next phase, however, 

the so-called degradation process mostly was dominated by the dissolution of precipitated 

calcium carbonate which results in a porosity increase. The simulation predicted that the reaction 

front penetrates 0.12 m into the cement matrix during a period of 100 years. 



 

35 
 

2.5.3 Conducted experiments on the effect of the gaps between cement and rock on CO2 leakage 

Table 2.4 shows information of experiments which have been conducted to investigate the mutual impacts of flow of CO2-bearing fluids on gaps between 

cement and rock, and vice versa. 

Table 2.4. Experimental setup used by different authors for investigating effect of gaps between caprock and cement on CO2 leakage (N/A= Not Available) 

Paper Curing conditions Method of 

experiment  

Applied 

temperature 

condition 

 Applied 

pressure 

condition 

Core dimension Properties of fluid  Fluid rate/ 

pressure 

gradient 

Aperture Time-length 

of 

experiment 

comment 

(Walsh et 

al. 2013) 

 Class G Portland 

cement 

 Curing in 

accordance with 

ASTM Test Method 

C114 

 

Flow-through  60 ℃ 

 Confining 

pressure: 

24.8 MPa 

 Outlet pore 

pressure: 

12.4 MPa 

 Diameter: 15 mm 

 Length: 30-37 

mm 

Brine salinity 

(mol/L): 

NaCl:1.01 

Na2SO4: 3.69*10-2 

MgCl2:1.59*10-2 

CaCl2: 3.53*10-2 

NaHCO3:7.92*10-3  

Constant flow 

rate: 1 cc/min 

20-100 𝜇m 

deep pockets 

using bead-

blasting 

method on the 

surface of the 

cement half 

8 days 

 The caprock halves consist of full 

dense calcite-cemented, quartz-

sandstones. 

 Depth of reaction front penetration: 2 

mm. 
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(Mason et 

al. 2013) 

 Class G Portland 

cement 

 W/C: 0.4 

 Initial setup time;1-2 

days 

 After being placed 

in the autoclave: 

Temperature: 50 ℃ 

Pressure: 15 MPa 

 Curing time-length 

in 1 %wt NaCl: more 

than 28 days 

Flow-through 60 ℃ 

 Confining 

pressure: 

24.8 MPa 

 Pore 

pressure: 

12.4 MPa 

For 

additional 

NMR 

experiment, 

pore 

pressure: 6.5-

7.0 MPa 

 

 Diameter: 15 mm 

 Length: 37 mm 

 Initial chemistry of 

brine and dissolved 

CO2 are 

representatives of 

CO2-EOR 

 Composition 

(mol/kg H2O): 

NaCl: 1.01 

Na2SO4: 0.0369 

MgCl2: 0.0159 

CaCl2: 0.0353 

NaHCO3: 0.00792 

 Average 

flow rate: 0.5 

cm3/min 

 For 

additional 

NMR 

experiment, 

flow rate: 

0.10 cm3/min 

Aperture: 15 

𝜇m 

The core was 

equilibrated 

with brine for 

7 days prior 

to reaction 

with CO2-

saturated 

brine for 7 

days 

 The caprock halves consist of full 

dense calcite-cemented, quartz-

sandstones 

 CO2 saturation at pCO2= 3MPa with 

brine for 8 hrs 

 The Final result of C-S-H alteration 

was an amorphous zeolite rather than 

an amorphous silica and this change 

was assumed to occur simultaneously 

with the calcium carbonate 

precipitation. 

 Thickness of different layers:  

amorphous silica layer: 930 µm 

carbonate layer: 190 µm 

depleted region: 650 µm 

(Walsh et 

al. 2014b) 

 Class G Portland 

cement 

Preparation 

according to ASTM 

Test Method C114 

Flow-through 60 ℃ 

 Confining 

pressure: 

24.8 MPa 

 Pore 

pressure: 

12.4 MPa 

 

 Diameter: 15 mm 

 Length: 30-37 

mm 

Brine was initially in 

equilibrium with 

calcite and 

dolomite at 60℃. 

 Constant 

flow rate: 

0.01, 0.025, 

0.05, and 0.1 

mL/min 

 12 hrs 

takes for 

solving of 

CO2 (pCO2: 

1-3 MPa) in 

brine 

Aperture 

varies 

between 21.9 

𝜇m to 143.7 

𝜇m 

4, and 8 days 

 The caprock half is a full dense 

calcite-cemented, quartz-sandstone 

 Three main types of surface were 

supposed at the interface of cement 

and caprock including surface with 

channel, gridded surface, and rough 

surface.  

 13 core-flood experiments were 

conducted. 

 Boundary between the unreacted 

cement and Portlandite depleted 

regions moved around 2 mm in 8 days. 
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(Duguid, 

Radonjic, 

and 

Scherer 

2011) 

 Class H cement 

 W/C: 0.38 

 Curing time-length: 

7 months 

 Cement samples 

were submerged in 

0.5 M NaCl 

Batch system 

Room 

temperature 

and 50℃ 

Atmospheric 

pressure 

The cores were 

built by cutting off 

stone cores (with 

diameter of 55 mm 

and ~ 10 cm in 

length which have 

a 25-mm diameter 

hole drilled off 

centre filled with 

cement) into nearly 

1-cm-tall slices 

 pH of introduced 

brine into 

sandstone-cement 

core: 3-5 

 pH of introduced 

brine into 

limestone-cement 

core: 5-7 

 

N/A N/A 

Samples 

were 

removed 

from the 

reactor at 1, 

2, 3, 6, and 

12 months 

from the 

beginning of 

the 

experiment 

 Depth of reaction front penetration 

into sandstone–cement cores: 270-322  

µm over a period of  1 year at the 

nearest position to the brine-stone 

interface and room temperature; up to 

577 µm over a period of 1 year at the 

same position and 50 ◦C. 

 Experiments at 50 ◦C limestone–

cement and room temperature 

limestone–cement never showed any 

visible reaction zone within the cement. 

(Connell 

et al. 

2015) 

 Class G cement 

 
Flow-through 50 ℃ 

Confining 

pressure: 10 

MPa 

 Diameter: 53 mm 

 Length: 25 mm 

 Brine salinity in 

experiment 1 (in 

g/l) 

NaCl: 20.7  

MgSO4: 2.6 

CaCO3: 0.78 

 Brine salinity in 

experiment 2 (in 

g/l) 

NaCl: 1 

MgSO4: 0.3 

CaCO3: 0.5 

The 

upstream 

works at 

constant flow 

rate while at 

the 

downstream 

position fixed 

pressure 

dominates on 

flow 

 

The cement 

was casted 

around a 

sandstone 

block and 

cored on 

perimeter 

which cement-

sandstone 

interface 

bisect the 

core, therefore 

actually there 

is no initial 

aperture 

104, and 105 

days 

The core sample is a composite of 

cement and sandstone halves 
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2.6 Geomechanical investigation 

The cement slurry design is of great importance. The higher flexibility design of this system results 

in being able to sustain a large pressure differential across the cement plug (Nagelhout et al. 

2005). In fact, expansion due to internal casing pressure or temperature, cyclic pressure 

fluctuation, thermal gradients, and long-term cement shrinkage may lead to the failure of the 

cement sheath providing pathways for leakage of CO2 upwards (Marlow 1989, Goodwin and 

Crook 1992).  

2.6.1 Change in mechanical properties  

A fractured cement similar to the conductive pathways within a cemented annulus was examined 

by Huerta, Bryant, and Conrad (2008). Hydraulic conductivity was measured under the confining 

stress to investigate its effect on the size of the aperture. The probable self-sealing behaviour of 

the conductive pathways under the constant effective stress was confirmed. Although there may 

also be other pathways for the leakage of CO2 to the Earth’s surface, such as microfractures, 

microannulus, or channels as the most potential conduits. Lack of good quality bonding between 

the cement sheath and the casing or the surrounding rock results in the formation of 

microannulus. Microfractures due to the tensile stress acting on the cement sheath.  The 

incomplete replacement of mud by slurry or the permeation of gas into the cement before setting 

can lead to the formation of channels, which are the most prevalent leakage conduits. Huerta, 

Bryant, and Conrad (2008) speculated the assumption of the plastic behaviour and the 

deformation of the cement matrix under stress to block the leakage path. To accelerate the 

process of degradation in their experiment HCl was used. The reaction of the cement matrix with 

HCl and acidified brine is completely different although the effect on the mechanical strength is 

the same (Kutchko et al. 2007, Nasr-El-Din, Elmarsafawi, and Al-Yami 2007). For the same 

change in the confining pressure, the moderate reaction of fracture with a low pH brine resulted 

in an aperture alteration twice as much as in the unreacted fracture. This may be caused by the 

loss of mechanical strength on the fracture surface due to the degradation. Nevertheless, the 

developed reaction of the fracture with low pH brine leads to a significant plastic deformation as 

the confining pressure is lowering to its initial value (Huerta, Bryant, and Conrad 2008). 

The occupied space of the Portlandite after dissolution becomes a part of the connected 

macroporosity, while calcium leaching from the C-S-H leads to no evident change in the 

nanoporosity nor in the mechanical continuity of the microscopic solid phase (Ulm, Lemarchand, 

and Heukamp 2003). Two main asymptotic states of equilibrium are expected, firstly an 

unchanged cementitious material, and the other is the state in which calcium concentration is 

homogeneously leached from the cementitious material and no further change is expected to 

happen in the calcium concentration of the solid phase. Therefore, the spontaneous alteration of 

leaching can be predicted by following non-equilibrium thermodynamics between these two 

asymptotic states (Ulm, Lemarchand, and Heukamp 2003). The built-in framework predicts that 

the elasticity domain of cementitious materials is influenced by the chemical degradation and the 
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mechanical loading. The impact of mechanical changes on the Portlandite dissolution kinetics, 

however, were assumed negligible. C-S-H dissolution does not change the texture, however, it 

affects the composition which is considered by Ulm, Lemarchand, and Heukamp (2003) as a 

second dissolution front that propagates behind the Portlandite dissolution front. Indeed, 

Portlandite dissolution affects the present pore space and provides an additional pore space for 

solid phase expansion in the period of plastic dilatation under the compression regime which 

postpones the failure along the shear planes, whereas dissolution of the C-S-H results in a net 

chemo-mechanical softening (Coussy and Ulm 1996).  

The static moduli and the mechanical strength are measured by Fabbri et al. (2009) using 

a triaxial apparatus. The measurement of the elastic moduli obtained from S and P waves it was 

confirmed that the carbonation results in a decrease in porosity, a change in permeability, and an 

increase in the mechanical strength and mechanical moduli (Fabbri et al. 2009). Dried samples 

exposed to wet supercritical CO2 illustrate a homogeneous carbonation without an evident 

carbonation front. This indicates that wet supercritical CO2 diffuses into the dried unsaturated 

cement core rapidly.  Wet specimens showed an annular carbonation zone with a sharp 

carbonation front (11-mm movement towards internal parts of the cement in the period of 62 

days). The samples with annular carbonation were highly sensitive to confining pressures up to 

15 MPa, which can be interpreted as the elastic closure of micro-cracks. Annular carbonated 

cement samples suffered more damage than homogeneous carbonated samples. It is probably a 

result of difference in stiffness between the carbonated and dissolution zones or pore 

overpressure due to the precipitation. Samples with a carbonation front exhibited a high degree 

of sensitivity to pressure. This can only be explained by the extension of the microcracks around 

the carbonation front leading to the degradation of the mechanical strength and an increase in 

permeability when deviatoric stress is present. It is notable that considering static conditions for 

carbonation may result in degradation of cement but not as severe as when the core cement is 

flooded with CO2-rich fluids. 

Due to the inhomogeneous carbonation in samples, conventional mechanical tests are 

not universal and representative of changes within the cement matrix. Accordingly, the scratch 

examination of the samples at the length scale of millimetres and the nano-indentation test at the 

length scale of micrometres were performed to evaluate the changes in the mechanical properties 

due to the chemical reactions. Lecampion et al. (2011) examined the macroscopic alteration of 

the failure properties of the cement matrices in a closed system at high-temperature and high-

pressure conditions in areas between carbonated and unreacted zones. They used the 

macroscopic scratch and the nano-indentation grid which probes material changes at smaller 

scales. For any value of the fugacity of CO2, the Gibbs free energy of Portlandite and C-S-H 

reactions with CO2 is negative and these reactions spontaneously derive forward to be completely 

depleted from the reactants. Scratch tests provide this opportunity to measure the mechanical 

strength of the specimens at macroscopic scales without any enormous damage to the sample.  
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It should be also noted that the scratch test is widely being used for the characterisation of 

sedimentary rocks. This investigation clearly illustrated two main zones: a stronger area which 

matches the carbonated rim and the zone in the centre of the core with an average horizontal 

cutting force similar to the unreacted cement. In general, in the scratch test a pure cutting force 

is exerted on the cutter to measure the mechanical strength at different zones within the cement 

matrix.  The thicknesses of the carbonated zones (thickness of carbonation rim was 2-3 mm after 

88 hrs in samples exposed to either wet supercritical CO2 or CO2-saturated water, and 5-7 mm 

after 523 hrs) obtained from the scratch test were of the same magnitude which were visually 

measured.  It was also reported that the carbonation increases the strength of cement. Two main 

results were obtained from the chemical analysis. Firstly, the carbonated matrix was initially 

composed of the silica gel, calcite, and declassified C-S-H. Secondly, representative elementary 

volume (REV) scale increased which means more heterogeneities at small scale. Both of the 

scratch and nano-indentation tests supported the existence of a centre with properties similar to 

the unreacted cement and a carbonated zone which is stiffer than the initial cement matrix. 

Studies at lower scales also indicated that C-S-H matrix incurred a notable change (Lecampion 

et al. 2011). 

2.6.2 Response of leakage pathways affected by mechanical degradation 

If the carbonation process in cement leads to the formation of cracks, a remarkable strength loss 

would be expected. This results in a large difference between the calcite layer and unaltered 

cement in terms of the mechanical strength. For example, the carbonation process results in a 

difference between the Young’s moduli of unreacted cement and calcite layer which eventuates 

in the compression of the calcite (Zhang et al. 2013). Measurements of the hardness and Young’s 

moduli values at the locations of the reaction zones indicated a high degree of heterogeneity at 

scales of micrometres (Mason et al. 2013).  

The cyclic loading of cement cores illustrated a decline in aperture size with increased 

confining pressure, work hardening, and hysteresis in loading and unloading cycle (Huerta et al. 

2009). It was shown that mechanical weakening of the cement core due to reaction results in a 

fast closure of aperture with increasing confining pressure. In fact, a combination of the 

degradation of the cement and decreasing fluid pressure could result in self-healing behaviour of 

leaky wellbore cements. The fracture clogging may also result from a reduction in the strenght of 

the asperities which keep fractures open or swelling in the amorphous silica layer immediate to 

the fracture. However, Brunet et al. (2016) suggested that the dissolution of the cement matrix 

and high flow velocities may mechanically remove materials within fractures which increases the 

probability of the precipitation and the blockage. The mechanical displacement of cement grains 

elevates the chance of aperture size reduction due to the trapping of these grains in the fracture. 

The self-healing behaviour of cement in reaction with CO2-bearing fluids is highly likely 

either due to the mechanical softening of reaction products, the precipitation, and the volume 
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changes of reaction products. Thermodynamics shows that the reaction of the CO2-water system 

with Portland cement is rapid. Despite that, Portland is still able to isolate wells from surrounding 

formation and maintains that state due to the coupled flow of reactants and the rate of reactions. 

In fact, the cement carbonation leads to reduced permeability and enhanced mechanical strength 

(Carey 2013).  

2.7 Discussion  

2.7.1 Hydration and curing 

The cement Portland clinker is mainly formed of tricalcium silicate (3CaO.SiO2 or C3S), dicalcium 

silicate (2CaO.SiO2 or C2S), tricalcium aluminate (3CaO.Al2O3 or C3A), and tetracalcium 

aluminoferrite (4CaO. Al2O3.Fe2O3 or C4AF) which are accounted for solid phase solution (Fink 

2012, Nelson 1990). The addition of water to Portland cement is an exothermic process. C3A 

hydrates faster than the other cement components and provokes early strength developing, 

however, setting time is controlled by adding gypsum. C3A highly reacts with water, even more 

than C3S, and releases large amount of energy which may result in cement setting within a few 

minutes. This phenomenon known as flash set controlled by adding gypsum (Nelson 1990). C4AF 

has a slight effect on physical properties of the cement paste and its hydration reaction are similar 

to those of C3A (Fink 2012, Zhang and Bachu 2011, Nelson 1990). The reaction of C3A in 

presence of gypsum with water results in the formation of ettringite (Ca6Al2O6(SO4)3.32H2O). 

Usually, the gypsum content of cement is depleted prior to the complete consumption of C3A. The 

produced ettringite reacts with C3A and water to forms monosulfoaluminate 

(3Ca4Al2O6(SO4).12H2O) (Nelson 1990). In fact, most of ettringite convert to monosulfoaluminate 

within the first days due to lack of gypsum as follow: 

𝐶𝑎6𝐴𝑙2𝑂6(𝑆𝑂4)3. 32𝐻2𝑂 + 2𝐶3𝐴 + 4𝐻2𝑂 → 3𝐶𝑎4𝐴𝑙2𝑂6(𝑆𝑂4). 12𝐻2𝑂 (2.8) 

C3S reacts faster than C2S and is responsible for strength at all the times while C2S mostly 

affects the final strength development of the cement paste (Fink 2012). The reactions of C2S and 

C3S with water produce C-S-H and Portlandite: 

2𝐶3𝑆 + 6𝐻2𝑂 → 𝐶𝑎3𝑆𝑖2𝑂7. 3𝐻2𝑂 + 3𝐶𝑎(𝑂𝐻)2 (2.9) 

2𝐶2𝑆 + 4𝐻2𝑂 → 𝐶𝑎3𝑆𝑖2𝑂7. 3𝐻2𝑂 + 𝐶𝑎(𝑂𝐻)2 (2.10) 

C-S-H (here Ca3Si2O7·3H2O) is the primary binding phase which has an amorphous 

nature with Ca:Si ratio ranging from 1.5 to 2.0. Portlandite is a crystalline phase which occurs in 

hexagonal plates. C-S-H generally composes up to 70% of hydrated cements, and between 15 

to 20% of the hydrated cements are formed of Portlandite (Nelson 1990, Taylor 1997).  

The oilwell cementing is usually accompanied by adding different types of additives to 

modify the rheological properties of the cement slurry to bear underground formation conditions 

and at the same time remain pumpable during the cementing operation. The high-pressure and 

high-temperature conditions affect the hydration process. The hydration process is complicated, 
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based on the fact that C-S-H is a non-stoichiometry product, and combining new additives into 

the cement slurry make the prediction of the cement set composition more difficult (Scrivener, 

Juilland, and Monteiro 2015). The National Institute of Standards and Technology 

(NIST) provided free models to simulate the cement hydration and degradation (The National 

Institute of Standards and Technology (NIST) 2017). Moreover, some attempts have been done 

to calcify the resultant composition of cement after hydration (Scrivener, Juilland, and Monteiro 

2015, Bogue and Lerch 1934, Durdziński et al. 2017, Hall and Scrivener 1998). Nonetheless, it is 

still challenging to know the final composition of cement after the hydration under high-pressure 

and high-temperature conditions.  

2.7.2 Preparing method of cement cores 

The experimental method for examining the impact of the aperture between the casing and 

cement on CO2 leakage, typically is based on embedding a steel casing within cement (Bachu 

and Bennion 2009, Carey et al. 2010). Moreover, coupled half cylindrical cores were designed to 

evaluate the separation effect between the rock and cement on the CO2 leakage process. Prior 

coupling, the cement half core is subjected to sandblasting for generating an aperture of an 

arbitrary size to prevent it from closing due to the confining pressure (Walsh et al. 2013, Cao, 

Karpyn, and Li 2015). 

Investigations into the alteration of cement due to exposure to CO2-bearing fluids at the 

cement-formation or the cement-caprock interfaces have been conducted by using cylindrical 

cores composed of cement and rock halves. The gap between them was maintained by applying 

asperities or cement surface sandblasted heterogeneously/regularly using special masks for 

obtaining an arbitrary separation. Sandblasting may also be applied to achieve regular patterns 

or separation gap for evaluating cement alteration rate in presence of cracks.  Likewise, a 

Brazilian method commonly used to develop heterogeneous cracks through cement cores. To 

investigate cement alteration surrounded by different rock types, Duguid, Radonjic, and Scherer 

(2011) drilled a stone rock off-centre and filled in the hole with the slurry to set. This system probes 

the impact of flow/diffusion through a rock prior to encountering cement sheath. Numerous studies 

simulated the real variation that occurred in brine composition when passing through a formation 

surrounding a well before reaching the cement interface by altering brine composition to be 

saturated with minerals present in the formation, for example, please refer to (Mason et al. 2013, 

Walsh et al. 2013). On the other hand, carbonate or sandstone beds were embedded before core 

samples in some studies to simulate the actual underground formation which brines pass through 

(Carey et al. 2010).  

2.7.3 Brine salinity changes prior to cement exposure 

CO2-bearing fluids prior to being exposed to cement,  in forms of well lining and cappings, pass 

through rocks such as limestone, dolomite, or sandstone as the most probable occurring rock 

types in CO2 storage sites. This process alters the salinity of the CO2-bearing fluids, increasing 
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the calcium concentration as a result of an interaction with carbonate rocks surrounding the 

cement sheath. This interaction reduces their capability in dissolving more calcium from the 

cement. On the other hand, cements surrounded with clastic sedimentary rock are more 

vulnerable to damage due to exposure to the CO2-bearing fluids. To simulate this condition, 

typically, researchers try to change brine salinity to match the brine composition and its acidity 

under sequestration conditions when encountering the cement surface. Building cement-rock 

assemblies is another way which mimics the passage of CO2-saturated brine through rocks prior 

reaching the cement surface in underground formations (Duguid and Scherer 2010, Duguid, 

Radonjic, and Scherer 2011, Carey et al. 2010). Although, reactions in aqueous phases are fast 

enough to be considered in their equilibrium state, reactions between solid and aqueous phases 

are not fast and should be kinetically investigated. In underground formations, due to low velocity 

of brine close to the abandoned wells, CO2-bearing fluids have sufficient time to reach an overall 

equilibrium during passing through rocks surrounding the well cements. Therefore, short-length 

rocks may not give required time for passing fluids to equilibrate with the solid phases. This should 

be considered in experimental design.  

A simple solution is to add components to CO2-bearing fluids which are similar to the fluid 

composition expected to obtain from long-term contact between CO2-bearing fluids and rocks 

under geo-sequestration conditions (Connell et al. 2015, Luquot, Abdoulghafour, and Gouze 

2013, Mason et al. 2013, Walsh et al. 2013). This method seems to be safe which increases the 

confidence in the results and saves more time. 

2.7.4 Role of general geo-sequestration conditions  

A higher amount of CO2 dissolves in brine with increasing fluid pressure, while increasing the 

temperature and salinity reduces the CO2 solubility in brine (Duan and Sun 2003, Jacob and 

Saylor 2016, Spycher, Pruess, and Ennis-King 2003). A high ratio of Portlandite to porosity results 

in forming sharp calcium carbonate precipitation zone which encumbers the diffusion of CO2 into 

cement. In contrast, the low-Portlandite and high-porosity ratio leads to a reduction in the 

probability of clogging (Brunet et al. 2013). The applied ratios of water to cement for building the 

slurry have a highly determinative impact on the strength and durability of the cement matrices. 

The lower the water to cement ratio, the higher the durability and strength of the cement (Aïtcin 

2000, Carey 2013, Zhang and Bachu 2011). Furthermore, curing of cement at pressure and 

temperature associated with underground formation conditions commonly increases the 

resistance of cement against carbonic acid attack (Kutchko et al. 2007). Additives also change 

the rate of the front penetration into the cement, such as pozzolan-amended cements which are 

harder than neat cement types but the rate of CO2 penetration in them is noticeably higher than 

for neat cements (Carroll et al. 2016, Kutchko et al. 2009, Strazisar, Kutchko, and Huerta 2009). 

Under geo-sequestration conditions, exposing cement to CO2-bearing fluids at static or flow-

through conditions affects the boundaries of cement and CO2-bearing fluids to a great extent.  

Under static conditions, after a period of time the reactions between the solid and aqueous phases 
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reach an equilibrium which may hamper the CO2 penetration, depending on the compositions of 

both the solid and aqueous phases. In spite of the static condition, subjecting a cement type to 

the flow of CO2-bearing fluids continuously brings fresh CO2-bearing fluids in contact with the 

cement, thus the penetration front would probably continue to its motion within cement under this 

condition.  

2.7.5 Formed zones and fronts 

Generally, cement exposure to CO2-bearing fluids results in the formation of four main zones 

including an unaltered cement zone, a Portlandite dissolution zone, a calcium carbonate 

precipitation zone, and an amorphous silica gel zone (Abdoulghafour et al. 2016, Carey et al. 

2007, Carroll et al. 2016, Corvisier et al. 2013, Duguid, Radonjic, and Scherer 2011, Huerta et al. 

2009, Huet, Tasoti, and Khalfallah 2011, Hyvert et al. 2010, Kutchko et al. 2007, Raoof et al. 

2012, Rimmelé et al. 2008). This includes three corresponding fronts as follows: a Portlandite 

dissolution front, a calcium carbonate precipitation front, and a calcium carbonate re-dissolution 

front dominate the formation of the four main zones (Ulm, Lemarchand, and Heukamp 2003, 

Rimmelé et al. 2008, Rimmelé and Barlet-Gouédard 2010).  

Calcium leaching from C-S-H occurs in both the calcium carbonate precipitation zone and 

the amorphous silica gel zone (Liaudat et al. 2018). Calcium carbonate is more stable than 

Portlandite in contact with the CO2-bearing fluids. The process of CO2 dissolution into pore water 

and the conversion of Portlandite to calcium carbonate (or calcite which is the most stable form 

of calcium carbonate) is referred to as carbonation. Most of the so-called degradation processes 

occur at the calcium carbonate re-dissolution front or amorphous silica gel zone which is 

sometimes referred to as the bicarbonation process (Zhang and Bachu 2011). The main cement 

alteration process happens during the first hours to several days of tests (Bachu and Bennion 

2009, Duguid and Scherer 2010, Kutchko et al. 2007, Rimmelé et al. 2008, Walsh et al. 2013).  

This phenomenon confirms that a decrease in porosity and permeability in the calcium carbonate 

precipitation zone prevents CO2-bearing fluids moving further into the unaltered cement zones, 

although porosity increases due to Portlandite dissolution and bicarbonation. Carbonation 

processes typically start at a higher pH in comparison with the required pH for activating 

bicarbonation processes (Duguid, Radonjic, and Scherer 2011, Liaudat et al. 2018). The 

movement of the carbonation front into cements and its thickness is a function of the stress state, 

temperature, salinity of ubiquitous brine, mineralogy of the cement, and boundary conditions. 

2.7.6 Predominating phenomena 

Reaction kinetics are typically faster than diffusion rate, therefore diffusion was assumed to 

dominate the permeation of fluids into cements. Besides, the advection process may also be 

considered responsible for the transport along the cement-rock interface, the cement-casing 

interface, or cracks in cements (Deremble et al. 2011, Duguid, Radonjic, and Scherer 2011, 

Gherardi, Audigane, and Gaucher 2012, Huet, Prevost, and Scherer 2010). In theory, Fickian 
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diffusion was postulated for transport into cement in many studies, even though in some 

experiments this rule is violated. The fast reaction of calcium carbonate probably justifies 

assumption of neglecting reaction kinetics although the formation of metastable forms of calcium 

carbonates, i.e., vaterite and aragonite, emphasizes the effect of carbonation kinetics. In fact, 

mineral-solution equilibrium is established slower than reactions occurring in the aqueous phase. 

Therefore, involving reaction kinetics more accurately represent the reality of process.  

Movement of CO2-bearing fluids within cement or rock is accompanied by reactions 

between solid and aqueous phases and reactions between components present in the aqueous 

phase together. Reactions occurring within the aqueous phase are faster than dissolution of solid 

phases in CO2-bearing fluids. Although it is not an accurate assumption, still possible to assume 

reaction rates of solid phases with aqueous phases are also fast enough. This assumption 

simplifies the formulations dominating the movement of CO2-bearing fluids within cement by 

removing mass action laws (describing dissolution of solid phases in the aqueous phase) from 

consideration. Due to high the speed of reactions involved in this process in comparison with the 

diffusion of species, the dominating process will be the diffusion-limited phenomenon. Depending 

on geo-sequestration conditions this assumption may be an acceptable simplification 

(Abdoulghafour et al. 2016, Brunet et al. 2013, Corvisier et al. 2010, Dávila et al. 2016, Duguid, 

Radonjic, and Scherer 2011, Geloni, Giorgis, and Battistelli 2011, Gherardi, Audigane, and 

Gaucher 2012, Huet, Fuller, and Prevost 2006, Huet, Prevost, and Scherer 2010, Iyer et al. 2017, 

Luquot, Abdoulghafour, and Gouze 2013, Mainguy and Ulm 2001). In some cases, reactions 

between the solid and aqueous phases are not fast enough to neglect their impacts. The reaction 

rates also affect the concentration of passing species through the porous medium. Thereby, it will 

be necessary to include their contribution to the process by considering mass action laws. The 

added sections makes the governing equations more tedious, as they are differential equations 

which should be simultaneously solved along the algebraic equations (representing fast 

equilibrium states) in each time step with diffusion equation. Albeit, this methodology increases 

the accuracy of predictions, but, it is time-consuming (Brunet et al. 2013, Corvisier et al. 2010, 

Kutchko et al. 2007, Liaudat et al. 2018, Shen, Dangla, and Thiery 2013, Zhang et al. 2013). 

2.7.7 Impact of residence time 

Typically, the length of the time in which a cement matrix surface exposed to CO2-bearing fluids 

is referred to as the residence time. A long residence time means that fluids have enough time to 

become closer to the equilibrium state of reactions between the solid phase and the aqueous 

phase. As a result, the fluid phase is saturated by the leached calcium content from the degraded 

cement. Based on the difference in the concentration of calcium content between the fluid phase 

of the cement matrix and the pore fluid of formations, the diffusion phenomenon motivates the 

depletion of calcium from the cement matrix into the fluid at the cement-brine interface. The 

saturated CO2-bearing fluids regarding calcium gradually moves along the crack or the gap. In 

the next positions along the interface, the highly calcium saturated fluid phase starts to precipitate 
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due to more calcium content compared to the adjacent cement pores, and a reduction in pH value. 

In the short-residence times, the entry fluid degrades the inlet areas of cracks or gaps but not 

deep as much as its impact during the long-residence times. The lower calcium content, the lower 

affected pH value, and shorter contacting times at downstream areas reduce the risk of calcium 

precipitation in these areas. Therefore, a stronger acidic fluid increases probability of degradation, 

even in the case of probable calcium precipitation on the surface of cements (Iyer et al. 2017). It 

seems that the long-residence times lead to self-healing behaviour while the short residence-

times may not affect the aperture size or even widen the separation under more severe conditions. 

It is reasonable to assume the self-healing behaviour as a default change that may undergo during 

the cement exposure to CO2-bearing fluids. This is due to low-velocity which is mostly governing 

on the near abandoned well (Brunet et al. 2016, Cao, Karpyn, and Li 2015, Carroll et al. 2016, 

Huerta et al. 2016, Iyer et al. 2018). To separate the self-healing from the non-sealing behaviours, 

Brunet et al. (2016) and Iyer et al. (2018) developed maps based on the initial residence time and 

the initial fracture aperture which determine a threshold for self-healing behaviour. 

Overall, residence time is highly determinative of the fracture behaviour, either self-

sealing or opening. A long residence time increases the pH and Ca2+ concentration in the fracture, 

and calcium carbonate precipitation which eventually leads to the flow reduction. This 

phenomenon results in a positive feedback that under constant pressure gradient accelerates the 

self-sealing process. During short residence times, brine is replenished quickly which reduces the 

pH and Ca2+ concentration in the fracture. Accordingly, the dissolution of cement matrix continues 

which retains the fracture open or even widens the aperture. (Carroll et al. 2016, Huerta et al. 

2016, Brunet et al. 2016, Cao, Karpyn, and Li 2015). 

2.7.8 Changes in porosity and permeability 

Porosity increases due to Portlandite dissolution and calcium leaching from the silica gel layer 

right after the cement-brine interface.  In this case, the mechanical strength of the cement matrix 

degrades. In the zones between silica gel layer and Portlandite dissolution, typically calcium 

carbonate precipitation occurs. This phenomenon may increase the mechanical strength of this 

zone to or just above the mechanical strength of the unaltered zone, and leads to a porosity 

reduction (Zhang et al. 2013, Walsh et al. 2014a, Lecampion et al. 2011, Fabbri et al. 2009, 

Urbonas, Leno, and Heinz 2016, Duguid and Scherer 2010, Huerta, Bryant, and Conrad 2008, 

Omosebi et al. 2016). Although the dissolution of calcium hydroxide may result in a slight increase 

in porosity (Kutchko et al. 2007), C-S-H dissolution contributes substantially to the porosity 

increase (Brunet et al. 2013).  

The altered cement matrix shows a permeability variation from the cement-brine interface 

to the inner parts of the cement which no alteration occurred and mostly are referred as to the 

unaltered zone. The permeability of the unaltered zone remains intact. The dissolution of 

Portlandite in the next region adjacent to the unaltered zone increases the permeability in this 
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zone as a result of porosity improvement. Thereafter, calcium carbonate precipitation decreases 

the porosity which leads to a decrease in the permeability and an increase in the mechanical 

strength (Duguid and Scherer 2010). Close by the cement-brine interface, the degradation of the 

C-S-H phase causes the permeability enhancement. Therefore, the overall matrix permeability 

depends on the relative direction of flow with respect to the direction of the diffusion. The 

permeability of the altered cement, when the directions of flow and diffusion are parallel, shows a 

reduction because the calcium carbonate precipitation zone acts as a barrier to the flow. The 

averaged permeability increases for the flow perpendicular to the direction of the diffusion. The 

reason is due to permeability increase in the amorphous silica gel zone and the Portlandite 

dissolution zone (Zhang et al. 2013). The permeability of cement is also a function of the hydration 

process undergone by the cement matrix. The higher the degree of hydration the lower the 

permeability (Kutchko et al. 2007).  

Cracks and gaps are more potential pathways for CO2 leakage rather than the cement 

matrix itself. The high permeability of the cement matrix increases the concentration of calcium 

leached from the cement matrix to the crack. This process enhances the probability of clogging 

at the downstream positions. In contrast, the high permeability ratio of  crack over cement matrix 

leads to a less dense calcium precipitation zone (Brunet et al. 2016). The behaviour of cracks or 

gaps being either self-healing or openning is a strong function of the residence time, the aperture 

size, the confining pressure, and the chemical reactions occurring during exposure to CO2-

bearing fluids. The carbonation process and multiphase flow can reduce the permeability (Carey 

2013, Fabbri et al. 2009, Walsh et al. 2014a). The permeability also decreases due to the low 

flow rate within the cracks. In fact, the low flow rate increases the exposure time of CO2-bearing 

fluids to the cement surface (Cao, Karpyn, and Li 2015, Luquot, Abdoulghafour, and Gouze 2013).  

The degradation of mechanical strength in pillars and asperities, which keep cracks open, and 

the confining pressure may reduce the aperture size. Moreover, the formation of an amorphous 

silica gel is accompanied by the swelling process which also decreases aperture size (Walsh et 

al. 2013). The reduction in the aperture size will result in both the permeability reduction and the 

self-healing behaviour. 

2.7.9 Modelling  

Modelling the long-term behaviour of the cement degradation is imperative. In fact, short-term 

experiments cannot be representative of the alteration in the cement durability compared to 

extremely long periods of hundreds or thousands of years, such as the prediction for the 

penetration depth of CO2-bearing fluids after 30 years which were carried in   (Kutchko et al. 

2008). Modelling the behaviour of a cement matrix exposed to CO2-bearing fluids simply provides 

a framework to determine its stability at times beyond the experiment duration. Many experiments, 

however, indicated that most of the alteration occurs during the first hours to several days of 

exposure (Bachu and Bennion 2009, Duguid and Scherer 2010, Kutchko et al. 2007, Rimmelé et 
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al. 2008, Walsh et al. 2013). Besides, conducting a sensitivity analysis regarding acidic 

environment conditions to find controlling variables increases the cost of experiments. 

The CrunchFlow code developed by Steefel et al. (2015) is applied by numerous studies, 

for example in (Brunet et al. 2016, 2013, Cao, Karpyn, and Li 2015, Dávila et al. 2016, Shen, 

Dangla, and Thiery 2013, Zhang et al. 2013) which combines the effects of diffusion, advection, 

and reaction to model mass conservation of chemical species transport which is given by: 

𝜕(𝜙𝐶𝑗)

𝜕𝑡
=  𝛻. (𝐷𝛻𝐶𝑗) − 𝛻(𝑞𝐶𝑗) + 𝑅𝑗      (𝑗 = 1,2,3, …𝑛) (2.11) 

where 𝜙 is porosity, the term on the left side of Eq. (2.11) indicates change in the concentration 

𝐶𝑗 of the component 𝑗 (mol/m3), the first, second, and third terms on the right side of Eq. (2.11) 

stands for chemical species transport due to diffusion, advection, and reaction respectively, 𝐷 is 

the combined diffusion-dispersion coefficient (m2/s), 𝑞 is the Darcy velocity (m3/(m2s)), and 𝑅𝑗 

(mol/(m3s)) is total reaction rate obtained from summing up rates of precipitation and dissolution 

of involved minerals. Modelling of the presence of a fracture in the cement matrix, a gap between 

the cement sheath and the casing, or between the cement sheath and the surrounding formation 

generally is based on the assumption that the cement permeability is extremely low, thereby either 

fracture or gap could be the dominant flow paths (Huerta et al. 2013, Walsh et al. 2014a, Carey 

et al. 2010). 

2.8 Summary and conclusion 

This chapter provides a review of the works which have been conducted to investigate changes 

in the cement matrix exposed to CO2-rich environments. This review illustrates that significant 

development has been made during the last two decades in better understanding the interactions 

of the CO2 and cement to prevent the leakage of CO2 through the well cement. The following 

summarises the most outstanding aspects which have been reviewed:  

 Studies investigating the cement matrix alone in CO2-rich environments disclosed that 

typically four main zones are being developed during the course of the cement exposure 

to CO2-bearing fluids. However, sometimes the term of fronts have been used to describe 

the separation of these zones and their movements within the cement matrix. Typically, 

these experiments studied under static conditions, because it is believed that in the close 

vicinity of abandoned wells fluid velocity is very low which can be neglected.  

 To examine mutual effects of cement cracks on the CO2 leakage and vice versa, these 

experiments have been conducted under the flow-through conditions. Depending on the 

residence times of flow through cracks within the cement matrix and the acidity degree of 

CO2-bearing fluids, cement could degrade quickly. This can occur when the acidity 

degree of CO2-bearing fluids is high and the residence times are short. This results in 

cracks widening and more CO2 leakage. Whereas, the low degree of acidity and long-
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residence times provide enough time for the precipitation of calcium content downstream 

that makes the flow paths narrower or even block them. 

 Assemblies composed of the cement and steel casing, showed that the steel casings are 

more vulnerable to be corroded even in the presence of cement. To examine the effect 

of CO2-bearing fluids on the steel casing adjacent to cement, cement-casing samples 

were undergone flow-through experiments. Deeper corrosion on the surface of the steel 

casing and presence of the Fe- components at the effluent confirm more inclination of the 

flow to affect the surface of the casing rather than the cement matrix. However, in some 

cases the production of scales on the surface of the casing may prevent further corrosion 

or may even clog the leaking CO2-bearing fluids downstream. 

 Studies exploring the quality of the bonding between cement and surrounding rocks, 

typically, confirm that the cement matrix have been more damaged due to exposure to 

CO2-bearing fluids. In fact, the composition of fluids alters prior reaching the well cement. 

Limestone rocks surrounding the well cement increases the degree of the calcium 

concentration of CO2-bearing fluids before encountering the cement. This process 

reduces the capability of the cement to dissolve more calcium content from the cement. 

In contrast, the composition of fluids passing through the sandstone rocks surrounding 

the well cement remains constant regarding the calcium concentration. Therefore, they 

will have this ability to leach more calcium from the well cement. It should be noted that 

residence time is highly determinative of the rate of cement degradation. 

 During cement exposure to CO2-bearing fluids, the geomechanical properties of the 

affected areas also change. Except for the CaCO3 precipitation zone which shows an 

increase in the mechanical strength, other affected areas decline in that term. The 

relationship between the geomechanical changes and their impact is complicated. 

Despite the common expectations, the degradation of cracks surfaces causes pillars and 

asperities lose their integrity, thus the crack walls become closer to each other due to 

confining pressure and may even results in clogging. Given the increasing compressibility 

due to the calcium leaching from the affected areas, except for calcium precipitation zone, 

the confining pressure may compress these areas and hinder the movement of CO2-

bearing fluids into the cement matrix. Albeit this process also depends on other 

parameters such as the acidity, the brine composition, the confining pressure, the pore 

pressure, and the residence time. 

The high-quality assemblage of a rock-cement-casing can provide a good barrier in 

preventing CO2 from leaking upwards (Bachu and Bennion 2009, Zhang et al. 2013). Otherwise, 

any defects in bonding between the cement and casing or cement and rock produces microannuli 

which are highly conductive to CO2 leakage (Huerta, Bryant, and Conrad 2008). 

No criterion is yet provided for evaluating the strength of cement-rock bonding. In 

addition, the cement-rock bonding is not completely in a smooth cylindrical shape as assumed in 
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most studies. During drilling mud filtrate pushes through the formation surrounding the well 

resulting in an alteration in brine composition.  The presence of mud cake on the surface of the 

formation or caprock negatively affects the bonding between the rock and cement. 

Although many efforts have been conducted on the geomechanical characterization of 

cement behaviour exposed to CO2-bearing fluids, more detailed investigation is required to import 

the change in geomechanical properties of cement and rock during CO2 exposure into modelling 

formulations. Outstanding aspects that contribute to either self-sealing or opening behaviour of 

the cement alteration process are as follows: the fluid pressure, the stress state, the crystallization 

pressure (due to crystallization of precipitated calcium carbonate), changes in the mechanical 

properties of altered zones and asperities or pillars in fractures, the movement of separated 

particles along fractures and gaps, and swelling amorphous silica gel layer. There is a need to 

incorporate these parameters in further modelling studies. Many oil and gas wells have been 

cemented using modified cements by additives, therefore the chemical and physical properties of 

cured cement to a great extent is influenced by the presence of additives such as accelerators, 

retarders, extenders, fluid loss and loss circulation additives, and dispersants. All of these factors 

need to be considered in modelling the cement alteration exposed to CO2-bearing fluids. Having 

reviewed well cements in the presence of CO2-rich environments, recommendations for future 

works include systematic experimental tests to investigate the effect of different additives used in 

a single well. This will help CCS community to have a better understanding of the well integrity in 

case CO2 leaks from a storage formation through the wellbores when different additives were 

used in cementing job.    

The cement sheath could be affected by the in-situ horizontal stress and the invasion of 

CO2-bearing fluids in two ways. The radial cracking and the radial compaction are two phenomena 

which are likely to occur at the location of affected zones within the cement sheath. In the next 

chapter, these two main phenomena are proposed and their impacts on the wellbore integrity are 

investigated.
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Chapter 3 

Radial Cracking and Radial Compaction as Responsible 

Phenomena Altering the Cement Sheath in Abandoned 

Wells* 

Legacy issues associated with a high number of oil and gas wells abandoned during the last few 

decades put the carbon capture and storage projects (CCS) at risk. These include any defects 

within the cement surrounding the well casing or for capping an abandoned well that can become 

unwanted CO2 leakage pathways. To predict the lifespan of these cements due to exposure to 

CO2-bearing fluids at the conditions found underground, the geochemical processes need to be 

coupled with the geomechanical changes within the cement matrix. In a viable CCS project for 

sequestering CO2, the cement matrix should be capable of withstanding acidic environments 

formed by dissolution of CO2 in brine for more than ten thousand years. This chapter aims at 

providing a framework to predict the behaviour of cement sheath due to CO2 exposure under 

reservoir conditions. The results show that the chemical reactions and geomechanical changes 

within the cement matrix can result either in its radial cracking or radial compaction. Both of these 

behaviours are investigated as possible phenomena which may affect the CO2 leakage, and 

therefore the viability of the site for long term carbon storage. 

3.1 Introduction 

Depleted oil and gas reservoirs are potential candidates for CCS projects (Onoja and Shariatipour 

2018, Watson and Bachu 2009). These types of underground formations are preferred because 

their structures have been well-characterised over different periods of the reservoir’s life cycle.  

These reservoirs are usually drilled extensively, and the well cement has been used as a 

well lining or as a well plug once the well has been either established or abandoned. One principle 

                                                      

* The content of this chapter has been extracted from the following paper: 
Bagheri, M., Shariatipour, S.M., and Ganjian, E. (2019) ‘Prediction of the Lifespan of Cement at 
a Specific Depth Based on the Coupling of Geomechanical and Geochemical Processes for CO2 
Storage’. International Journal of Greenhouse Gas Control Journal, 86, 43–65. 
The candidate set the scientific scope of this work, devised and developed the methodology, 
performed all data analysis and wrote the text.  Seyed M. Sharaitipour and Eshmaiel Ganjian 
provided guidance during the design of this part of the project and feedback on the manuscript. 
Minor adaptations have been performed to streamline the layout of thesis. 
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problem is the high number of abandoned wells within these oil and gas reservoirs. The faulty 

wellbores are prone to be a source of carbon dioxide leakage to the Earth’s surface. For example, 

it is estimated that some 400,000 abandoned wells are located in the Alberta Basin in Canada, 

and more than one million are in Texas, USA (Celia et al. 2006). In Australia, this number is close 

to 10,000 (Davies et al. 2014). On the whole, from 1859 to 1994, around 3.2 million wells have 

been drilled in the USA of which 2.4 million have been left dry, inactive, or abandoned (Calvert, 

Smith, and Duncan 1994). These types of oil and gas wells were mostly cemented during the last 

century, but in some cases without compliance with the current standards. Practically, there was 

no universal regulatory system to control the quality of the cementing method. 

Once CO2 is injected deep into a reservoir, it moves laterally beneath the caprock before 

reaching any abandoned well. Sometimes, there is not a sudden change from the reservoir 

formation to the caprock (Newell and Shariatipour 2016, Shariatipour, Pickup, and Mackay 2014, 

Onoja and Shariatipour 2018, Shariatipour, Pickup, and Mackay 2016, Onoja et al. 2019). 

Therefore, sections of the well cement both across the reservoir and in the caprock may become 

exposed to CO2-bearing fluids. CO2 dissolves in brine as a ubiquitous phase within the depleted 

oil and gas reservoirs which results in the formation of carbonic acid. In the vicinity of the 

abandoned wells, the velocity of CO2-bearing fluids is quite slow, therefore static conditions can 

be assumed (Huet, Prevost, and Scherer 2010, Brunet et al. 2016, Huerta et al. 2016, Shen, 

Dangla, and Thiery 2013). CO2-bearing fluids penetrate through the cement matrix due to the 

diffusion and the advection phenomena (Druckenmiller and Maroto-Valer 2005, Haghi et al. 

2017). This penetration results in the carbonation and the degradation of the cement matrix 

(Carey et al. 2010, Dijk and Berkowitz 1999, Duguid and Scherer 2010, Huet, Prevost, and 

Scherer 2010, Kutchko et al. 2007, Mainguy and Ulm 2001, Walsh et al. 2013). Within a cylindrical 

cement matrix, which covers the steel casing of a wellbore, the CO2 penetration results in the 

formation of a series of concentric zones each having differing characteristics (Rimmelé et al. 

2008, Duguid and Scherer 2010, Abdoulghafour et al. 2016, Carey et al. 2007, Carroll et al. 2016, 

Corvisier et al. 2013, Duguid, Radonjic, and Scherer 2011, Huerta et al. 2009, Hyvert et al. 2010, 

Raoof et al. 2012). The mechanical properties of the altered zones are also changed compared 

to the unaltered ones (Mason et al. 2013). Within the unaltered zone the pH is usually greater 

than 12 (Carey 2013). In this range of pH, CO3
2- is the predominant aqueous carbon ion. As the 

penetration of CO2-bearing fluids continue the pH decreases, and the Portlandite component (also 

referred to as CH) in the cement matrix begins to dissolve. At the same time, calcite is also 

expected to precipitate (Liaudat et al. 2018). The Portlandite dissolution increases the porosity of 

cement (Carey 2013). In the early stages of exposure to CO2-bearing fluids, the rate of Portlandite 

dissolution is higher than the precipitation of calcite. Beyond this zone and close to the cement-

brine interface, the calcite precipitation becomes dominant resulting in a reduction in the porosity 

(the process of calcite formation sometimes also referred to as carbonation). The calcium leaching 

from the calcium silicate hydrate occurs within this zone and close to the cement-brine interface 
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(Chen et al. 2004). The geochemical reactions lead to the conversion of C-S-H to an amorphous 

silica gel which has the highest porosity compared with other zones within the cement matrix 

(Figure 3.1). The re-dissolution of calcite within areas adjacent to the cement-brine interface also 

increases the porosity. The most of degradation process occurs nearby the cement-brine 

interface which results in an increase in porosity(Zhang and Bachu 2011b). 

It was shown that the Portlandite dissolution also results in a degradation in the 

mechanical strength of the cement matrix although the precipitation of the calcite may increase 

the mechanical strength in the layers close to the cement-brine interface,(Ashraf 2016, Nakano 

et al. 2014). In the immediate neighbourhood of the cement-brine interface, the cement 

degradation significantly contributes to an increase in porosity  and results in the degradation of 

mechanical strength (Walsh et al. 2014b, Lecampion et al. 2011, Kutchko et al. 2007, Huerta, 

Bryant, and Conrad 2008, Fabbri et al. 2009, Duguid and Scherer 2010, Brunet et al. 2013, Zhang 

et al. 2013).  

At the high pressure and temperature conditions found underground, the cement sheath 

undergoes geochemical and geomechanical changes. Both these processes may lead to the 

alteration of the cement matrix resulting from either the creation of defects in or 

compaction/precipitation of affected zones.  The former phenomenon results in the formation of 

CO2 leakage pathways, and the latter leads to the self-sealing behaviour preventing or slowing 

down the further movement of CO2-bearing fluids into the cement matrix.  

 

Figure 3.1. The porosity profile in a cement matrix exposed to CO2-bearing fluids at 90℃ and 280 

bars over the period of four days against distance from the cement-brine interface on the left side 

to the inner parts of the cement on the right side (adopted from (Rimmelé et al. 2008)). 

This item has been removed due to 3rd Party Copyright. The unabridged version of 
the thesis can be found in the Lanchester Library, Coventry University. 
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Figure 3.2. A simple illustration of the incurred pressures (or stresses) on the cement sheath, and 

the two main phenomena which may occur in the cement sheath. 

Numerous attempts have been made to characterise the carbonation of cement matrices. 

Generally, the cement carbonation is considered as a linear diffusion phenomenon dominated by 

𝑑 = 𝑘𝑡0.5, where 𝑑 is the depth of carbonation, 𝑡 is time, and 𝑘 is a constant which depends on 

the water saturation, relative humidity, CO2 concentration, cement type, and other surrounding 

conditions (Ashraf 2016, Phung et al. 2016, Ta et al. 2016, Rezagholilou, Papadakis, and Nikraz 

2017, Silva, Neves, and De Brito 2014, Šavija and Luković 2016). Nevertheless, the carbonation 

phenomenon is a complex process within the cement matrix followed by the degradation process 

in the case of invading excess CO2-bearing fluids. Therefore, a more precise modelling exercise 

is needed to investigate the ongoing reactions within the cement matrices due to CO2-exposure 

(Barlet-Gouédard et al. 2009, Kutchko et al. 2007, Liaudat et al. 2018, Brunet et al. 2013, Kari, 

Puttonen, and Skantz 2014, Kutchko et al. 2009, 2008, Peter et al. 2008, Zhang 2016). The harsh 

conditions found underground, however, also require the geomechanical changes of the cement 

to be accounted for.  

The geomechanical integrity of well cements is also investigated at high-pressure and 

high-temperature conditions and for different failure modes identified in the literature (Zhang, L. 

et al. 2015, Xu et al. 2018a, Zhang and Wang 2017). A qualitative measure of the wellbore 

instability based on a linear-elastic analysis using the failure criteria in the extensional and 
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compressional regimes is provided by McLean and Addis (1990). Yu, Chenevert, and Sharma 

(2003) model a more complex case by considering the chemical part for investigating the wellbore 

instability in shales. This work was undertaken by adding a solute diffusion to the governing 

equations to account for the fluxes of water and ions into and out of the shale. The integrity of the 

cement sheath was investigated using a thermo-poroelastic analytical approach by Gholami, 

Aadnoy, and Fakhari (2016). It was shown that a reduction in the fluid content due to the fluid 

production and non-uniform stresses around the wellbore results in sand production and the 

deformation of the well casing (Gholami et al. 2016). A three-dimensional modelling of failure 

propagation in the cement-rock interface due to the fluid leakage was conducted using a cohesive 

interface approach (Wang and Taleghani 2014). It was found that large values of cohesive 

interface strength to a large extent can prevent the formation of failure cracks around the wellbore. 

The integrity of well cements under high-pressure conditions was modelled using a constitutive 

model for the cement sheath and a surface-based cohesive behaviour for the interfaces 

(Arjomand, Bennett, and Nguyen 2018). They emphasized the importance of tensile strength and 

eccentricity in the distribution of stresses and the cracking index, respectively. Although these 

works inspect the geomechanical alteration of the well cements, they do not consider the effect 

of geochemical reactions on the mechanical solidity of the cement matrix. 

In this chapter, the geochemical reactions are simulated using the CrunchFlow code 

which was developed by Steefel et al. (2015). The geochemical alteration of the cement matrix is 

coupled with the geomechanical code developed in this chapter to predict its lifespan. Broadly, 

the work in this chapter aims at providing an introduction to the impacting phenomena on the 

cement sheath including the radial cracking and the radial compaction. The geochemical and 

geomechanical processes are combined to simulate the conditions at depleted oil and gas 

reservoirs which a cement sheath is subjected to. This would help in predicting the lifespan of a 

cement sheath exposed to CO2-bearing fluids at a specific depth. 

3.2 Methodology 

This section illustrates the method which has been used to couple the geochemical with the 

geomechanical processes within the cement matrix. Subsequently, the method of applying both 

the radial cracking and the radial compaction phenomena in the simulations are represented, as 

the probable processes which may affect the integrity of the cement sheath with time at conditions 

found in CO2 storage sites. 

3.2.1 Coupling the geochemical simulation with geomechanical simulation 

Figure 3.3 shows the flowchart developed to simulate simultaneously the effect of geochemical 

and geomechanical changes within the cement matrix. Initially, CrunchFlow calculates the 

geochemical alteration within the cement matrix due to exposure to CO2-bearing fluids. The profile 

of porosity produced in the geochemical part and mineral volume fractions are imported into the 

geomechanical simulation section. The aqueous phase composition is assumed to remain 
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unchanged throughout calculating the effects of geomechanical alteration within the cement 

matrix in each time step. The imposed stresses on the cement matrix change the geomechanical 

integrity of the cement matrix. In these simulations, it is assumed that the cement matrix is 100% 

hydrated. This means that the cement matrix is at a stable state with a fixed mineral composition 

prior to being exposed to CO2-bearing fluids. The carbonation process leads to the formation of 

different polymorphs of calcium carbonate affecting the stress state, and the stress state itself 

also impacts upon the crystallisation process. However, this process is not investigated here in 

order to decrease the complexity level governing the numerical solutions. 

This geomechanical simulation produces a new profile of porosity and stresses across 

the cement sheath. The Drucker-Prager failure criterion is used to predict the cement failure 

(details in Section 3.3.4). In the next step, the Drucker-Prager failure criterion of each cylindrical 

layer will be checked (Figure 3.3). This comparison reveals which layer is likely to fail. The whole 

cement sheath itself at a particular depth is also at the risk of failure if the overall Drucker-Prager 

failure criterion surpasses one.  

After calculating the geomechanical-geochemical changes of the cement matrix 

properties, including the porosity, the mineral composition, and the chemical composition of the 

aqueous phase, the new produced profile of porosity and mineral volume fractions are imported 

into the CrunchFlow code at the next time step. This simulation progresses to predict the cement 

alteration at the next time step. The flowchart in Figure 3.3 continues to the time that the entire 

cement sheath fails. 
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Figure 3.3. The flowchart for coupling the geochemical simulation with the geomechanical 

simulation. The part ‘Calculate the Failure and Deformation Criteria’ and term ‘Plastic Damage 

Model’ will be explained in Sections 5.3-5.5. 

3.2.2 Processes governing alterations in the cement 

The exposure of the cement matrix to CO2-bearing fluids, at static conditions, activates the 

diffusion as the dominant process (Huet, Prevost, and Scherer 2010, Brunet et al. 2016, Huerta 

et al. 2016, Shen, Dangla, and Thiery 2013). The difference in the concentrations of the aqueous 

phase components within the pores of the cement sheath and the surrounding rocks motivates 

the diffusion process. As a consequence calcium will be leached out the cement matrix and the 

permeation of carbon species into the cement matrix increases. Nevertheless, the carbonation 

reactions within the cement matrix are a midway process which decreases the porosity and 

permeability and leads to an increase in the strength of the cement matrix (Wolterbeek, Hangx, 

and Spiers 2016, Wolterbeek et al. 2016). Calculations in this chapter verify the carbonation effect 

with an increase seen in the value of the Young’s modulus of the carbonated layers. 
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The leaching of the calcium degrades the cement matrix. Typically, the outer layers are 

highly susceptible to be degraded due to their direct contact with lower-pH fluids. The next inner 

layers are the calcite precipitation zone, the Portlandite dissolution zone, and the intact zone, 

respectively. The calcite precipitation zone, in between, acts as a barrier layer which restrains the 

further penetration of CO2-bearing fluids into the cement matrix.  

If the Drucker-Prager failure criterion of the whole cement sheath becomes larger than 

one, it will fail. Otherwise, two states can be proposed: the first being the failure of the layers in 

which the Drucker-Prager failure criterion is larger than one. The failure can result in the formation 

of cracks within these layers. This phenomenon is simulated by producing a porosity of one within 

these areas which in this chapter is referred to as the radial cracking process. Although the overall 

porosity of the cracked zones is less than one, the cracks within this zone provide high 

permeability pathways towards the inner layers of the cement matrix. In fact, the cracked zones 

also participate in the geochemical reactions, even though they are not strong enough to bear the 

effective stress. In this case, the permeability of the cracks is significantly higher, at least by five 

to six orders of magnitude, than the permeability of the un-cracked areas (Bachu and Bennion 

2009, Carey et al. 2010). The significant difference in the permeability of cracks and uncracked 

areas encourages the fluid to flow through the high-perm cracks. Therefore, the low porosity of 

the un-cracked areas has a negligible impact on the calculations of fluid flux. Secondly, the radial 

stress may compact the loosened outermost layers. The compaction reduces the porosity within 

these areas to a fraction of its initial value, this phenomenon will be referred to as the radial 

compaction process. This process can limit or even prevent the permeation of CO2-bearing fluids 

into the interior parts of the cement sheath. Imposing radial stresses can result in brittle faulting 

under low effective stresses, while the delocalization of cataclastic deformation within triaxially 

compressed cement matrices is associated with the porosity decrease (Wong and Baud 1999).  

In the brittle condition, shear fractures show increased permeability, while in the ductile 

condition, the permeability decreases with increasing shear deformation (Nygård et al. 2006). 

Therefore, the brittle-ductile transition behaviour (Lubarda, Mastilovic, and Knap 1996) of the 

cement matrix to a high level clarifies whether the radial cracking or radial compaction processes 

dominate its alteration. This issue is investigated in Chapter 5.  

The following formula is used to calculate the in-situ horizontal stress; the radial stress 

on the outer face of the cement sheath from the surrounding rocks will be a fraction of this value 

(Breckels and van Eekelen 1982): 

𝜎𝑅 = 0.0053𝑑
1.145 + 0.46(𝑃𝑐 − 𝑃𝑐𝑛),                       𝑓𝑜𝑟 𝑑 < 3500 𝑚. (3.1) 

where, 𝑑 is depth in 𝑚, 𝑃𝑐 and 𝑃𝑐𝑛 are the fluid pressure and the normal pore pressure in 

𝑀𝑃𝑎, respectively. This relationship has been suggested for calculating the in-situ horizontal 

stress in sedimentary basins in the U.S. Gulf coast.  However, the authors believe that under 
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normal underground conditions the radial stress on the outer face of the cement sheath will be in 

the range of zero to the value obtained using Eq. (3.1).  The radial stress may change depending 

on the basin conditions. The basin formation in the vicinity of the cement sheath, throughout time, 

can expand laterally due to either tectonic displacements or creeping. Tectonic movements that 

put a significant shear stress on the cement sheath, have not been investigated in this thesis. 

This expansion tightens the cement sheath around the casing which leads to an increase in the 

radial stress.  

Table 3.1 summarises the parameters and their values which are used throughout the 

simulations in this chapter. 

Table 3.1. The general parameters used in simulations. 

Parameter Explanation Assumed value 

Pfluid Fluid pressure This is an average value 

representing the fluid 

pressure within the 

underground formations 

targeted for CCS projects, 

assumed to be equal to 

the hydrostatic pressure 

of brine with a density of 1 

𝑔𝑟/𝑐𝑐  

Routside The outside radius of the casing (or 

inside radius of the cylindrical cement 

matrix) 

88.90 mm (or a 

production casing of 7-

inch outer diameter) 

Rinside Inside radius of the casing 80.85 mm (or a 

production casing of 

6.366-inch inner diameter) 

Ncement Number of the radial grids within the 

cylindrical cement matrix 

600 

Nbrine Number of the radial grids within the 

brine surrounding the cylindrical 

cement matrix 

400 

Compressive strength 

parameters: 𝑐, 𝑚, and 𝑛 

in the following equation: 

2𝑙𝑛(𝜎) = 𝑚𝑙𝑛𝜙 − 𝑛𝜙 + 𝑐, 

 (3.2) 

Equation (3.2) is the simplified form of 

the Eq. (3.46) obtained from (Lian, 

Zhuge, and Beecham 2011). To 

determine these parameters, the 

compressive strength of the cement 

matrix supposed to be 84.8 MPa at a 

porosity of 0.20 (Chindaprasirt, 

Jaturapitakkul, and Sinsiri 2005). 

𝑚 = 5.96 

𝑛 = 10.01 

𝑐 = 12.21 

∆𝑡 Time-step 10 days 
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tfinal The final time of the simulation 1810 days 

Pinside The fluid pressure inside the casing. 

An abandoned well is considered with 

a column of 900 𝑓𝑡 of mud with a 

density of 1.097 𝑔𝑟/𝑐𝑐  (11 lb/gal) just 

above the reservoir-caprock interface 

(details are explained in Section 3.3.1) 

2.95 MPa 

𝜙 Initial porosity of the cement matrix 0.15 (Brunet et al. 2013) 

 

 

 
Figure 3.4. A cross-section of a cylindrical cement sheath with an inside radius of Rinside and outer 

radius of Routside. (a) The radial cracking process in which the radius of the uncracked zone is 

changing throughout time due to the cement degradation; (b) the compaction process in which 

the outer layer is compacted due to the radial stress. 

3.3 Geomechanics of well cement 

This section investigates the geomechanical alterations in the properties of the cement matrix. 

3.3.1 The geomechanical governing formulas 

A cement matrix is similar to a porous rock which contains water within its pores. The pore water 

within the cement sheath is connected to the fluid within the surrounding formations. The concept 

of effective stress can be used to consider the effect of the fluid pressure. This theory was applied 

for estimating of rock strength (Hoek and Brown 1997). However, some modifications were 

considered for low permeability porous media such as cement (Biot 1955, Osipov 2015). In this 

chapter, it is assumed that the cement matrix shows a linear elastic behaviour prior to the 

geomechanical alteration. The effective stress can be defined as follows: 

𝜎𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 = 𝜎 − 𝛼𝑝, 
(3.3) 
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where, 𝜎𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 is the effective stress, 𝑝 is the fluid pressure, 𝜎 is the mean stress which is 

exerted on the cement matrix by external forces, and 𝛼 is known as the Biot coefficient (Liu and 

Harpalani 2014). The Biot coefficient value, 𝛼, is a definition for the interaction between the fluid 

pressure and solid grains. This coefficient depends on the external stress, the rock porosity, the 

compressibility of the solid grains and skeleton, consolidation type, and the ratio of consolidation 

to the cementation. The value of the Biot coefficient, 𝛼, changes from near zero to unity (Liu and 

Harpalani 2014). The following formula was suggested for the value of Biot coefficient, 𝛼 (Liu and 

Harpalani 2014, Geertsma 1957, Skempton 1984). 

𝛼 = 1 −
𝐾

𝐾𝑠
  , (3.4) 

where, 𝐾𝑠 and 𝐾 are the bulk modulus of grains and dry porous rock, respectively. As explained 

by Terzaghi (1943), the effective stress denotes the stress which is effective in moving soil or 

displacing soil.  For an isotropic porous medium, the general strain tensor can be written as 

follows (Nur and Byerlee 1971): 

휀𝑖𝑗 =
1

2𝜇
(𝜎𝑖𝑗 −

1

3
𝛿𝑖𝑗𝜎𝑘𝑘) +

1

9𝐾
𝛿𝑖𝑗𝜎𝑘𝑘 −

1

3𝐻
𝛿𝑖𝑗𝑝, (3.5) 

where, 𝑖 , 𝑗 show the principle directions and can be 1,2, or 3, 𝜎𝑘𝑘 is defined as in Eq. (3.6), 𝜎𝑖𝑗 is 

the Cauchy stress tensor, 𝛿𝑖𝑗 is Kroenecker's delta, 𝐾 and 𝜇 are the bulk modulus of rock and 

shear modulus without the fluid pressure, respectively, and 𝐻 is the effective modulus of the solid 

phase (Liu and Harpalani 2014) to take into account the strain due to the fluid pressure. The 

following shows  𝜎𝑘𝑘: 

𝜎𝑘𝑘 = 𝜎11 + 𝜎22 + 𝜎33, (3.6) 

and, 

𝛼 =
𝐾

𝐻
. 

(3.7) 

Therefore,  

휀11 =
1

2𝜇
(𝜎11 −

1

3
𝜎𝑘𝑘) +

1

9𝐾
𝜎𝑘𝑘 −

1

3𝐻
𝑝, (3.8) 

휀22 =
1

2𝜇
(𝜎22 −

1

3
𝜎𝑘𝑘) +

1

9𝐾
𝜎𝑘𝑘 −

1

3𝐻
𝑝, 

(3.9) 

휀33 =
1

2𝜇
(𝜎33 −

1

3
𝜎𝑘𝑘) +

1

9𝐾
𝜎𝑘𝑘 −

1

3𝐻
𝑝. 

(3.10) 

In a cylindrical system with radial symmetry, three normal stresses can be introduced as 

follows (𝜎𝑟, 𝜎𝑧, and 𝜎𝜃 acting on an element of the cement sheath which are shown in Figure 3.5 

and Figure 3.6): 
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𝜎11 = 𝜎𝑟, 
(3.11) 

𝜎22 = 𝜎𝜃, 
(3.12) 

𝜎33 = 𝜎𝑧. 
(3.13) 

where 𝜎𝑟, 𝜎𝜃, and 𝜎𝑧 are stresses in r-direction, θ-direction and z-direction, respectively. In a 

cylindrical coordinate, the stress tensor will be as follows (Biot 1955): 

𝜎𝑖𝑗 = [

𝜎𝑟 − 𝛼𝑝 𝜏𝑟𝜃 𝜏𝑟𝑧
𝜏𝜃𝑟 𝜎𝜃 − 𝛼𝑝 𝜏𝜃𝑧
𝜏𝑧𝑟 𝜏𝑧𝜃 𝜎𝑧 − 𝛼𝑝

], 
(3.14) 

𝜏𝑖𝑗 , in Eq. (3.14) shows the shear stress in the plane normal to the 𝑖-direction and in the direction 

of 𝑗. This is a symmetric tensor, therefore, 𝜏𝑖𝑗 = 𝜏𝑗𝑖. This equation shows that the fluid pressure 

affects the normal stress, but not the shear stress. 

It is assumed that the cylindrical cement matrix is in contact with a high-pressure fluid at 

its perimeter. By considering 𝜆, Lame’s constant, as follows: 

𝜆 = 𝐾 −
2

3
𝜇. 

(3.15) 

where, 

𝐾 =
𝐸

3(1 − 2𝜈)
. (3.16) 

and,  

𝜇 =
𝐸

2(1 + 𝜈)
. 

(3.17) 

𝐸 is the modulus of elasticity or the Young’s modulus, and 𝜈 is the Poisson’s ratio. 

 

 
Figure 3.5. Illustration of the layers formed within a cylindrical cement matrix with respect to the 

imposed stresses; (a) layers are perpendicular to the radial stress; (b) the upper view of the cross-

section which is influenced by radial stress; (c) lateral view of the layers which are parallel to the 

stress in the z-direction. 
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Figure 3.6. Stresses in cylindrical coordinates; (a) acting stresses in the r-direction, 휃-direction 

and z-direction on the surfaces of the cement, and (b) shear stresses which are acting on the 

same cylindrical element. 

Therefore, stresses can be rearranged as follows: 

𝜎𝑟 = 𝜆(휀𝑟 + 휀𝜃 + 휀𝑧) + 2𝜇휀𝑟 + 𝑝
𝐾

𝐻
, (3.18) 

𝜎𝜃 = 𝜆(휀𝑟 + 휀𝜃 + 휀𝑧) + 2𝜇휀𝜃 + 𝑝
𝐾

𝐻
, (3.19) 

𝜎𝑧 = 𝜆(휀𝑟 + 휀𝜃 + 휀𝑧) + 2𝜇휀𝑧 + 𝑝
𝐾

𝐻
. (3.20) 

where, 휀𝑟, 휀𝜃, and 휀𝑧 are strains in r-direction, 휃-direction and z-direction, respectively. 

The cylindrical cement matrix is assumed to be in the principal coordinate system in which 

the z-axis coincident with the centre line of the cylinder, such as Figure 3.6. To decrease the 

complexity of coupling the geochemical alterations with the geomechanical changes the following 

assumptions are applied to only consider changes in the r-direction, which can also be deduced 

from the plane strain assumption: 

𝜕𝑢𝑧
𝜕𝑟

= 0, (3.21) 

𝜕𝑢𝑟
𝜕𝑧

= 0, (3.22) 

where, 𝑢𝑟 and 𝑢𝑧 are displacements in the in r-direction, and z-direction, respectively. From the 

symmetry, the following equations can be deduced: 

𝑢𝜃 = 0, (3.23) 

𝜕𝑢𝑟
𝜕휃

= 0, (3.24) 
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𝜕𝑢𝑧
𝜕휃

= 0, (3.25) 

where, 𝑢𝜃 is the displacement in the 휃-direction. Based on Equations (3.21) to (3.25), the shear 

stresses on the cylindrical element will be zero. This means that 𝑢𝑧 is only a function of 𝑧. Thus, 

the value of 𝜕𝑢𝑧/𝜕z can be considered constant at a special cross-section perpendicular to the z-

direction. The stress state of the cement sheath can be simplified to plane strain conditions widely 

applied to model vertical wells (Zhang, L. et al. 2015, Arjomand, Bennett, and Nguyen 2018, Wang 

and Taleghani 2014, Jo and Gray 2010). This means that the value of 𝜕𝑢𝑧/𝜕z is zero (Sadd 2005). 

Strain-displacement relations, 

휀𝑟 =
𝜕𝑢𝑟
𝜕𝑟
, (3.26) 

휀𝜃 =
𝑢𝑟
𝑟
. (3.27) 

From equilibrium equations, one can derive the following equations: 

𝜕𝜎𝜃
𝜕휃

= 0, (3.28) 

𝜕𝜎𝑟
𝜕𝑟

=
𝜎𝜃 − 𝜎𝑟
𝑟

, (3.29) 

𝜕𝜎𝑧
𝜕𝑧

= 0. (3.30) 

The stresses can be rewritten as follows: 

𝜎𝑟 = ( 𝜆 + 2 𝜇)
𝜕𝑢𝑟
𝜕𝑟

+ 𝜆 (
𝑢𝑟
𝑟
) +  𝑝

𝐾

𝐻
, (3.31) 

𝜎𝜃 = ( 𝜆 + 2 𝜇)
𝑢𝑟
𝑟
+  𝜆 (

𝜕𝑢𝑟
𝜕𝑟
) + 𝑝

𝐾

𝐻
, (3.32) 

𝜎𝑧 = 𝜆 (
𝜕𝑢𝑟
𝜕𝑟

+
𝑢𝑟
𝑟
) + 𝑝

𝐾

𝐻
. (3.33) 

Equations (3.28) to (3.33) are the main governing equations which need to be solved to 

calculate 𝜎𝑟, 𝜎𝜃, 𝜎𝑧 and 𝑢𝑟. To solve this system of equations at any cross-section perpendicular 

to the z-direction, Equations (3.29), (3.31), and (3.32) can be solved simultaneously. Equation 

(3.28) confirms that the obtained value for 𝜎𝜃 is constant at all angles. 

It should be reminded that due to the radial change within the cylindrical cement matrix, 

the Young’s modulus and the Poisson’s ratio are functions of the radius, 𝑟, and the time, 𝑡. 

𝐸 = 𝐸(𝑟, 𝑡), (3.34) 
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𝜈 = 𝜈(𝑟, 𝑡). (3.35) 

This chapter simulates the behaviour of the cement matrices in abandoned wells in CO2 

storage sites. The abandoned wells are plugged using one of plug placement techniques, in which 

the balanced plug method is the most common  (Nelson 1990). Texas state-wide plugging Rule 

14 dictates that at least 100 ft of the hole (casing inside) and 10% of each 1,000 ft of the depth 

must be filled with plugs. Prior to the plugging procedure, the hole must be filled with mud with a 

minimum density of 9.5 lb/gal (Calvert, Smith, and Duncan 1994). Therefore, if the CO2 plume 

accumulates around the casing just beneath the caprock, the pressure inside the casing will be 

equal to the hydrostatic pressure of the fluid filling the casing. The maximum inside pressure will 

be equal to the static pressure of filling fluid with a height of 900 ft based on the Texas state-wide 

plugging Rule 14. Actually, the boundary conditions are highly dependent on the geometry of the 

cement-rock interface and the abandonment method. The following equations establish the 

boundary conditions: 

𝜎𝑟 = 𝜎𝑅 on , 𝑟 = 𝑅, (3.36) 

𝜎𝑟 = 𝑝𝑖𝑛𝑠𝑖𝑑𝑒 on, 𝑟 = 𝑅𝑖𝑛𝑠𝑖𝑑𝑒. (3.37) 

𝜎𝑅 is the radial confining stress on the outer face of the cylindrical cement matrix at the radius of 

𝑅 from the surrounding formations. Equation (3.37) shows that the radial stress at the inner radius, 

𝑅𝑖𝑛𝑠𝑖𝑑𝑒, of the casing is equal to the fluid pressure, 𝑝𝑖𝑛𝑠𝑖𝑑𝑒, in the casing at that depth.  

The value of 0.25 is considered as the representative value for the Poisson’s ratio at 

different cylindrical layers (Chamrova 2010, Constantinides and Ulm 2004, Harsh, Shen, and 

Darwin 1990, Velez et al. 2001, Wang and Subramaniam 2011). The Young’s modulus is a 

function of the porosity and the intrinsic properties of the cement matrix. The following equation 

characterises the change in Young’s modulus against porosity (Phani and Niyogi 1987): 

𝐸𝑟
𝑡 = 𝐸0𝑟

𝑡 (1 − 𝑎𝜙𝑟
𝑡)𝑛𝑟

𝑡
, (3.38) 

where, the superscript 𝑡 and the subscript 𝑟 refer to terms time and radius, respectively. 

Parameters of 𝑎 and 𝑛 are material constants which are functions of the time and the radius. It 

can be assumed that at 𝜙 = 1, the Young’s modulus is zero (Lafhaj et al. 2006, Li et al. 2006). 

Thus, the changes in the porosity and the material constants can express the changes in the 

Young’s modulus. It should be remarked that the constants 𝑎 and 𝑛 are unique for every porous 

solid. 

3.3.2 Application to the cement  

CO2-bearing fluids attacking the cement matrix results in the formation of four main zones (Carey 

et al. 2010, Rimmelé et al. 2008, Kutchko et al. 2007, Corvisier et al. 2013, Liaudat et al. 2018, 

Kutchko et al. 2008, Choi et al. 2016, Corvisier et al. 2010, Iyer et al. 2017, Omosebi et al. 2016). 

These zones include: 
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 The unaltered zone. 

 The Portlandite (CH) depleted zone (or the Portlandite (CH) dissolution zone) 

 The calcium carbonate precipitation zone. Although the formation of two 

polymorphs of Aragonite and Vaterite is also possible within this zone, calcite is 

the most metastable form of calcium carbonate (Corvisier et al. 2010, Carey 

2013, Wigand et al. 2009). This zone is also here referred to as the calcite 

precipitation zone. 

 The silica gel zone where the degradation occurs due to both calcium leaching 

and the evolution of calcium silicate hydrate (C-S-H) (Chen et al. 2004, Bagheri, 

Shariatipour, and Ganjian 2018). 

The porosity remains unchanged within the unaltered zone. As Figure 3.1 shows, the 

value of porosity increases within the Portlandite depleted zone and silica gel zone (Walsh et al. 

2014a), while calcite precipitation leads to a reduction in porosity (Barlet-Gouédard et al. 2007). 

Therefore, one could expect to see three major extremums on the porosity profile from the inner 

parts of a cement matrix to the cement-brine interface. These three extremums are associated 

with three main altered zones distinguished above within the reacted cement matrix. The first 

extremum in the porosity profile is due to the dissolution of CH in which the attack of CO2-bearing 

fluids can be simulated by a decrease in the CH component and an increase in the porosity. The 

second extremum corresponds to the formation of calcite, resulting in a porosity decrease. The 

last extremum is close to the cement-brine interface. Within this zone, calcite re-dissolution and 

C-S-H degradation occur resulting in the formation of the silica gel zone. Based on this 

observation, the porosity value will increase in this area. The value of porosity in the silica gel 

zone is higher than both the porosity of the unaltered zone and the porosity extremum observed 

within the Portlandite dissolution zone (Rimmelé et al. 2008, Liaudat et al. 2018). 

Table 3.2. Young’s modulus, E, of four main phases which are distinguished within the cement 

during the exposure to CO2-bearing fluids. 

Component 
Young’s modulus 

(GPa) 
Reference 

C-S-H 25.55 
An average value is derived from (Chamrova 2010, 

Jennings et al. 2007, Constantinides and Ulm 2007) 

CH 38.5 
An average value is derived from (Chamrova 2010, 

Constantinides and Ulm 2004) 

Calcite 70 An average value is derived from (Merkel et al. 2009) 

Silica gel 159 

It is assumed that the silica gel zone is composed of silicon 

and an average value is derived from (Hopcroft, Nix, and 

Kenny 2010, Moner-Girona et al. 1999). It should be noted 

that it is the computed Young’s modulus when the porosity 

is equal to zero. Any increase in porosity readily leads to a 

significant drop in its Young’s modulus. 
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It is assumed that the cement matrix is a composite material. Therefore, the Young’s 

modulus of this material can be represented by the Voigt or Reuss model (Liu, Feng, and Zhang 

2009, Zhu, Fan, and Zhang 2015). The Voigt and Reuss models show the upper and lower 

bounds for the Young’s modulus of the composite materials, respectively (Hill 1952). To inspect 

the effect of microstructure on the elastic moduli, it is deduced that the Young’s modulus of the 

cement matrix lies somewhere between the lower and upper bounds (Carter and Norton 2007). 

Studies on the alteration of the cement matrix within the calcium carbonate precipitation and silica 

gel zones confirm the direct effects of precipitation and degradation processes on their 

compressive strength (Mason et al. 2013, Fabbri et al. 2009). This shows the direct effect of the 

Young’s modulus of a newly formed minerals such as calcite on the overall Young’s modulus. 

Therefore, the Voigt model is opted as an appropriate model in representing the Young’s modulus 

for a cement matrix. The value of the Young’s modulus, 𝐸, can be written in terms of four main 

components at the time, 𝑡, and the radius, 𝑟, which are predicted to occur within the cement 

composition prior to and during exposure to CO2-bearing fluids as follows: 

𝐸0(𝑟, 𝑡) = 𝐸𝐶−𝑆−𝐻𝑓𝐶−𝑆−𝐻(𝑟, 𝑡) + 𝐸𝐶𝐻𝑓𝐶𝐻(𝑟, 𝑡) + 𝐸𝑐𝑎𝑙𝑐𝑖𝑡𝑒𝑓𝑐𝑎𝑙𝑐𝑖𝑡𝑒(𝑟, 𝑡) +

𝐸𝑠𝑖𝑙𝑖𝑐𝑎 𝑔𝑒𝑙𝑓𝑠𝑖𝑙𝑖𝑐𝑎 𝑔𝑒𝑙(𝑟, 𝑡), 
(3.39) 

where,  

𝑓𝐶−𝑆−𝐻(𝑟, 𝑡) + 𝑓𝐶𝐻(𝑟, 𝑡) + 𝑓𝑐𝑎𝑙𝑐𝑖𝑡𝑒(𝑟, 𝑡) + 𝑓𝑠𝑖𝑙𝑖𝑐𝑎 𝑔𝑒𝑙(𝑟, 𝑡) = 1. (3.40) 

𝐸0 is Young’s modulus of the cement matrix at the radius, 𝑟, the time, 𝑡, with a porosity of zero. 

𝐸𝐶−𝑆−𝐻, 𝐸𝐶𝐻, 𝐸𝑐𝑎𝑙𝑐𝑖𝑡𝑒, and 𝐸𝑠𝑖𝑙𝑖𝑐𝑎 𝑔𝑒𝑙 are the Young’s moduli of C-S-H, Portlandite, calcite, and silica 

gel, respectively, which are constant values, the average values being indicated in Table 3.2. 

𝑓𝐶−𝑆−𝐻, 𝑓𝐶𝐻, 𝑓𝑐𝑎𝑙𝑐𝑖𝑡𝑒, and 𝑓𝑠𝑖𝑙𝑖𝑐𝑎 𝑔𝑒𝑙 show the volume ratios of C-S-H, Portlandite, calcite, and silica 

gel over the solid volume, respectively, which are also functions of the radius, 𝑟, and the time, 𝑡. 

 
Figure 3.7. A simple illustration of the changes in the volume fraction of different presumed 

constituents of cement due to the exposure of CO2-bearing fluids at a point within the cement 

matrix. 
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Figure 3.1 shows the variation within the composition of the cement matrix from the 

cement-brine interface on the left side to the inner part of the cement matrix on the right side. It 

can be understood that, in the areas close to the cement-brine interface, there is a negligible trace 

of Portlandite and C-S-H. This zone is composed of silica gel which is an amorphous gel resulted 

from the evolution of C-S-H in the presence of high-CO2 saturated fluids (Carey 2013, Chen et al. 

2004, Bagheri, Shariatipour, and Ganjian 2018). The volume of silica gel itself also gradually 

decreases due to the dissolution in CO2-bearing fluids. At deep locations within the cement matrix, 

Portlandite dissolves in low-CO2 saturated brine. The calcium cation which is freed from these 

areas starts diffusing out of the cement matrix. Prior to reaching the cement-brine interface, the 

calcium cation precipitates in the presence of a higher quantity of carbonate ion (CO3
2-). This 

process leads to an increase in the volume fraction of calcite. Moreover, the formation of calcite 

is accompanied by an increase in its volume due to crystallization (Šavija and Luković 2016, 

Hwang et al. 2018, Lesti, Tiemeyer, and Plank 2013). These processes reduce the porosity and 

sometimes clog this intermediate zone. Within the Portlandite dissolution zone, the C-S-H volume 

fraction is stable and throughout time Portlandite is slightly converted to the calcite, as shown in 

Figure 3.7 (Liaudat et al. 2018). 

The value of 𝑛 in Eq. (3.38) is a function of the mineral composition of the cement matrix. 

There is no explicit equation available in the literature, to the authors’ knowledge, to express 𝑛 in 

terms of the mineral composition. Therefore, it should be calculated inversely from the Young 

modulus of the cement matrix. Mason et al.  (2013) measured the Young’s modulus, 𝐸, of altered 

layers and Rimmelé et al. (2008) investigated the porosity distribution within these altered layers. 

Table 3.2 shows the average Young’s modulus of four main minerals occurring in cement matrices 

affected by CO2-bearing fluids with considering a porosity of zero for them. The calculation of 𝑛 

needs the mineral composition at the corresponding points to calculate 𝐸0 using Table 3.2 and 

Eq. (3.39). Therefore, at the points in which the Young’s modulus, 𝐸, is reported by Mason et al.  

(2013), the mineral composition should be defined. It is estimated that the weight contribution of 

C-S-H and CH in the final composition of the cement after completing the hydration phase is 70% 

and 30 %, respectively (Nelson, 1990; Taylor, 1997). In fact, the CH contribution and other 

components are approximately 20% and 10%, respectively, but in this chapter, for simplicity, they 

are considered together. Considering an average density of 2.70 𝑔𝑟/𝑐𝑐 for C-S-H (Thomas, 

Jennings, and Allen 2010, Allen, Thomas, and Jennings 2007, Jennings 2000) and a density of 

2.26 𝑔𝑟/𝑐𝑐 for CH leads to volume fractions of 67% and 33%, respectively. 

 In Table 3.3, it is assumed that in the middle of the Portlandite dissolution zone, one-half 

of the Portlandite volume is converted to calcite. At the middle of the calcite zone, the volume 

fraction of CH is negligible, and the volume fraction of the calcite is at its maximum of 0.33, while 

one-half of the total C-S-H is converted to silica gel. The silica gel zone, in Table 3.3, is also 

defined as a zone where silica gel is the only composing component. This table provides the value 

of 𝑛, in the last column on the right side, at four main points within the cement matrix exposed to 
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CO2-bearing fluids. The value of 𝑛 at any other points should be interpolated based on these four 

main reported values using the mineral composition at that point. Indeed, Table 3.3 will be used 

in simulations as a reference. The inverse distance weighting (IDW) method with a power 

parameter of four (Shepard 1968) is applied to estimate the value of 𝑛. The interpolated value of 

𝑛, thereafter, is used in Eq. (3.38) to compute 𝐸 at that point. 

Table 3.3. Calculating the average value of 𝑛 in the  in Eq. (3.38) which is developed by Phani 

and Niyogi (1987). 

3.3.3 Calculation of the change in porosity 

The following equation expresses the change in the porosity due to imposing stresses on the 

cement matrix (Liu and Harpalani 2014, Harrold 2001, Ghabezloo et al. 2008):  

𝜙𝑟
𝑡
𝑛𝑒𝑤

= 𝜙𝑟
𝑡
𝑜𝑙𝑑

− (
1 − 𝜙𝑟𝑜𝑙𝑑

𝑡

𝐾𝑟
𝑡

−
1

𝐾𝑠𝑟
𝑡)∆(𝜎𝑚𝑟

𝑡 − 𝛼𝑟
𝑡𝑝). (3.41) 

Therefore, 

∆𝜙𝑟
𝑡
𝑔𝑒𝑜𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙

= −(
1 − 𝜙𝑟𝑜𝑙𝑑

𝑡

𝐾𝑟
𝑡

−
1

𝐾𝑠𝑟
𝑡)∆(𝜎𝑚𝑟

𝑡 − 𝛼𝑟
𝑡𝑝), (3.42) 

and, 

𝐾𝑟
𝑡 =

𝐸𝑟
𝑡

3(1 − 2𝜈)
, (3.43) 

𝐾𝑠𝑟
𝑡 =

𝐸0𝑟
𝑡

3(1 − 2𝜈)
. (3.44) 

This item has been removed due to 3rd Party Copyright. The unabridged version of the thesis can be found in 
the Lanchester Library, Coventry University. 
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where, 𝜙𝑟
𝑡
𝑜𝑙𝑑

 is the porosity at the radius of 𝑟, and the time 𝑡, prior to imposing the geomechanical 

changes. 𝜙𝑟
𝑡
𝑛𝑒𝑤

 is the porosity after imposing the  geomechanical changes. ∆𝜙𝑟
𝑡
𝑔𝑒𝑜𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙

 is 

the change in the porosity due to imposing stresses. 𝜎𝑚𝑟
𝑡  is the mean stress at the time, 𝑡, and 

the radius, 𝑟, and 𝑝 is the fluid pressure. 𝐾𝑠𝑟
𝑡  and 𝐾𝑟

𝑡 are the bulk modulus of grains and dry porous 

rock at the time, 𝑡, and the radius, 𝑟, respectively. The mean stress, 𝜎𝑚𝑟
𝑡 , at the time, 𝑡, and the 

radius, 𝑟 can be calculated as follows (Harrold 2001): 

𝜎𝑚𝑟
𝑡 =

1

3
(𝜎𝑟

𝑡 + 𝜎𝜃
𝑡 + 𝜎𝑧

𝑡). (3.45) 

where  𝜎𝑟
𝑡, 𝜎𝜃

𝑡, and 𝜎𝑧
𝑡 are stresses in the r-direction, 휃-direction , and z-direction, respectively, at 

the time 𝑡, and the radius, 𝑟. 

The resulting porosity profile from the geochemical reactions will be added to the value 

of ∆𝜙𝑟
𝑡
𝑔𝑒𝑜𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙

 to show the coupled-effect of geochemical and geomechanical processes as 

formulated in Eq. (3.65).  

3.3.4 Prediction of failure 

The invasion of CO2-bearing fluids into the cement matrix extensively affects the outermost layers, 

being close to the cement-brine interface. Chemical reactions change the mineral composition 

and the porosity of these layers. With time, the inner parts of the cement matrix are also affected 

due to the diffusion of CO2-bearing fluids. In this case, two states are plausible; firstly, the failure 

or deformation of the layers which are highly degraded, and secondly, the failure of the entire 

cement matrix. The former can lead to either the formation of cracks or the compaction of failed 

layers depending on the stress state. The latter illustrates that the entire cement matrix is no 

longer able to bear the mean effective stress, therefore it fails. 

In this chapter, it is assumed that the cement matrix follows a linear elastic behaviour 

prior to exceeding the boundaries of the failure envelope. The cement matrix can be exposed to 

the extensional regimes (or tension) particularly in the annulus of production/injection wells due 

to either the fluid flow pressure inside the casing or the temperature difference between the fluids 

inside the casing and the surrounding rock. This chapter investigates abandoned wells though. 

This signifies the steady state governing the cement sheath before being exposed to CO2-bearing 

fluids. It should be noted that the assumptions, in this chapter, consider compressive radial stress 

as the main acting stress on the cement sheath. The geomechanical simulations also attest to 

the compressive nature of the vertical and hoop stresses. This implies that a compressive regime 

is undergone during the alteration of the cement sheath. Therefore, a compressive criterion 

should be defined to show the transition from the elastic zone to the inelastic zone in the failure 

envelope of the cement matrix. These models are based on the uniaxial compressive strength, 

which can be calculated as following (Lian, Zhuge, and Beecham 2011): 
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𝜎𝑐𝑖𝑟
𝑡 = 𝐵√(1 − 𝜙𝑟

𝑡)𝑚𝑒−𝑛𝜙𝑟
𝑡
, (3.46) 

where, 𝜎𝑐𝑖𝑟
𝑡  and 𝜙𝑟

𝑡 are the compressive strength and porosity at the time, 𝑡, and the radius, 𝑟. 𝐵 

is the compressive strength of the cement matrix at the porosity of zero which depends on the  

fracture energy of the cement matrix and on its mineral composition, 𝑚 and 𝑛 are material 

constants which also depend  on the cement composition. The value of the porosity changes 

throughout time due to the geochemical reactions and imposing stress state on the cement matrix. 

The value of 𝜎𝑐𝑖𝑟
𝑡  corresponds to a specific radius and time. To obtain a representative 

compressive strength for the entire cement matrix, an average value is calculated as follows: 

𝜎𝑐𝑖
𝑡 =

1

𝑁
∑𝜎𝑐𝑖𝑟

𝑡 .

𝑁

𝑖=1

 (3.47) 

where, 𝑁 is the number of the cylindrical layers of the cement sheath with a thickness of ∆𝑟 at the 

time, 𝑡.  

The internal friction angle, 𝜑, and the cohesion,  𝐶, can be calculated based on the value 

of the compressive strength as follows (Rochette and Labossiere 1996): 

𝜑𝑟
𝑡 = 𝑠𝑖𝑛−1 (

3

1 + 0.4𝜎𝑐𝑖𝑟
𝑡 /√3

), (3.48) 

𝐶𝑟
𝑡 = (𝜎𝑐𝑖𝑟

𝑡 − 5√3)
3 − 𝑠𝑖𝑛 𝜑𝑟

𝑡

6 𝑐𝑜𝑠 𝜑𝑟
𝑡
, (3.49) 

where, the subscript 𝑟 stands for radius and superscript 𝑡 stands for time. The internal friction 

angle and the cohesion can also be calculated for the whole cement matrix using 𝜎𝑐𝑖
𝑡  obtained 

from Eq. (3.47) in Eqs. (3.48) and (3.49) instead of 𝜎𝑐𝑖𝑟
𝑡 . Eqs. (3.48) and (3.49) are empirical 

correlations. The minimum value for 𝜎𝑐𝑖𝑟
𝑡  in these equations is 5√3 MPa. This means that these 

equations are not able to explain the cases where the UCS of the cement matrix drops below this 

value. A cement sheath experiences much higher values of the stresses at conditions found 

underground compared to the lower limit of Eqs. (3.48) and (3.49), therefore, any alteration within 

it occurs prior to reaching this lower limit. 

The first invariant of the stress tensor, 𝐼1𝑟
𝑡 , and the second invariant of the deviatoric stress 

tensor, 𝐽2𝑟
𝑡 ,  at the time, 𝑡, and the radius, 𝑟, are as follows: 

𝐼1𝑟
𝑡 = 𝜎𝑟

𝑡 + 𝜎𝜃
𝑡 + 𝜎𝑧

𝑡 , (3.50) 

𝐽2𝑟
𝑡 =

1

6
((𝜎𝑟

𝑡 − 𝜎𝜃
𝑡)2 + (𝜎𝜃

𝑡 − 𝜎𝑧
𝑡)2 + (𝜎𝑟

𝑡 − 𝜎𝑧
𝑡)2) + 𝜏𝑟𝜃

2 + 𝜏𝑟𝑧
2 + 𝜏𝜃𝑧

2 . (3.51) 
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where, 𝜏𝑟𝜃, 𝜏𝑟𝑧, and 𝜏𝜃𝑧 are shear stresses which are equal to zero based on the plane strain 

assumption and the radial symmetry. 

Octahedral shear stress, 𝜏𝑜𝑐𝑡𝑟
𝑡 , and octahedral normal stress, 𝜎𝑜𝑐𝑡𝑟

𝑡 , at the time, 𝑡, and the 

radius, 𝑟, are as follows: 

𝜎𝑜𝑐𝑡𝑟
𝑡 =

𝐼1𝑟
𝑡

3
, (3.52) 

𝜏𝑜𝑐𝑡𝑟
𝑡 = √

2

3
𝐽2𝑟
𝑡 . (3.53) 

Drucker-Prager criterion (Drucker and Prager 1952) is used to define the failure envelope 

of the cement sheath under compression regime as following (McLean and Addis 1990a): 

𝜏𝐷𝑃𝑟
𝑡 = 𝜏𝑜𝑐𝑡𝑟

𝑡 −𝑚𝑟
𝑡(𝜎𝑜𝑐𝑡𝑟

𝑡 − 𝑝𝑓), (3.54) 

where, 𝜏𝐷𝑃𝑟
𝑡  and 𝑚𝑟

𝑡  are the Drucker-Prager shear stress and a material parameter, respectively, 

at the time, 𝑡, and the radius, 𝑟. The latter can be calculated as follows (McLean and Addis 1990a): 

𝑚𝑟
𝑡 =

2√2 𝑠𝑖𝑛 𝜑𝑟
𝑡

3 − 𝑠𝑖𝑛 𝜑𝑟
𝑡
. (3.55) 

The value of 𝜏𝐷𝑃𝑟
𝑡  obtained using Drucker-Prager criterion should be compared to the 

maximum shear stress which can be withstood by the cement matrix. McLean and Addis (1990) 

suggested the following: 

𝜏0𝑟
𝑡 =

2√2𝐶𝑟
𝑡 𝑐𝑜𝑠 𝜑𝑟

𝑡

3 − 𝑠𝑖𝑛 𝜑𝑟
𝑡
, (3.56) 

where, 𝜏0𝑟
𝑡 , is the shear strength of the cement matrix which depends on its porosity, mineral 

composition, and structure. Therefore, the failure or deformation will occur at a radius of 𝑟 when 

𝜏𝐷𝑃𝑟
𝑡  becomes larger than 𝜏0𝑟

𝑡   which is represented by ratio 휂 as follows:  

휂 =
𝜏𝐷𝑃𝑟

𝑡

𝜏0𝑟
𝑡
. (3.57) 

Although Eqs. (3.48) to (3.57) were defined to predict the transition from the elastic zone to the 

inelastic zone in the failure envelope of the cement matrix at a radius of 𝑟 within the cement 

sheath, they can also be rewritten for the entire cement sheath using 𝜎𝑐𝑖
𝑡  instead of 𝜎𝑐𝑖𝑟

𝑡 , and the 

average stresses in each of the principal directions for the cylindrical coordinate system. The 

outermost layers are highly prone to be geomechanically altered before the entire cement sheath, 

while the reduction in the average strength of the cement sheath also exposes it to the 

geomechanical alteration. Therefore, we need to check both the failure of the layers and the entire 
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cement sheath to ensure which arises first. The simulation moves forward through time to the 

collapse of the entire cement sheath. 

3.3.5 Numerical solution 

Equations (3.29), (3.31), and (3.32) and boundary conditions in Eqs. (3.36), and (3.37) need to 

be solved simultaneously at each time step, ∆𝑡. The following shows the system of equations for 

calculating the displacement in the r-direction due to geomechanical changes. It is assumed that 

the radial thickness of the assemblage of cylindrical cement matrix and casing is discretized into 

𝑁 segments of ∆𝑟 thickness. Therefore, 𝑁 + 1 values of 𝑢𝑟 are expected. 𝑢1 refers to the radial 

displacement at the inside radius, 𝑅𝑖𝑛𝑠𝑖𝑑𝑒, and 𝑢𝑁+1 indicates the radial displacement at the outer 

face of the cement matrix or at the radius of (𝑅𝑖𝑛𝑠𝑖𝑑𝑒 +𝑁∆𝑟). For the radial displacement, the 

subscript 𝑖, and superscript 𝑡, will show the radius of (𝑅𝑖𝑛𝑠𝑖𝑑𝑒 + (𝑖 − 1)∆𝑟) and the time, 𝑡, 

respectively. For the stresses, the subscript, 𝑖, and superscript, 𝑡, will show the radius of (𝑅𝑖𝑛𝑠𝑖𝑑𝑒 +

(𝑖 − 0.5)∆𝑟) and the time, 𝑡, respectively. By using the Euler method (Salamon 1996), at the time, 

𝑡, and the radius, 𝑟, and mathematical manipulation one can obtain the following system of 

equations: 

(𝜆𝑖
𝑡 + 2𝜇𝑖

𝑡)
𝑢𝑖+1
𝑡 − 𝑢𝑖

𝑡

∆𝑟
+ 𝜆𝑖

𝑡 (
𝑢𝑖
𝑡

𝑟𝑖
) − 𝜎𝑟𝑖

𝑡 = −𝑝𝛼𝑖
𝑡 ,              𝑖: 1, … , 𝑁, (3.58) 

(𝜆𝑖
𝑡 + 2𝜇𝑖

𝑡)
𝑢𝑖
𝑡

𝑟𝑖
+ 𝜆𝑖

𝑡 (
𝑢𝑖+1
𝑡 − 𝑢𝑖

𝑡

∆𝑟
) − 𝜎𝜃𝑖

𝑡 = −𝑝𝛼𝑖
𝑡 ,              𝑖: 1, … , 𝑁, (3.59) 

𝜎𝑟𝑖+1 − 𝜎𝑟𝑖
∆𝑟

−
𝜎𝜃𝑖
𝑡 − 𝜎𝑟𝑖

𝑡

𝑟𝑖
= 0,              𝑖: 1, … , 𝑁 − 1, (3.60) 

2(
𝜎𝑅 − 𝜎𝑟𝑁

𝑡

∆𝑟
) −

𝜎𝜃𝑁
𝑡 − 𝜎𝑟𝑁

𝑡

𝑟𝑁
= 0, (3.61) 

𝜎𝑟1
𝑡 (

2

∆𝑟
+

1

𝑅𝑖𝑛𝑠𝑖𝑑𝑒 +
∆𝑟
2

) − 𝜎𝜃1
𝑡 (

1

𝑅𝑖𝑛𝑠𝑖𝑑𝑒 +
∆𝑟
2

) = 𝑝𝑖𝑛𝑠𝑖𝑑𝑒 (
2

∆𝑟
), (3.62) 

where  

𝑟𝑖 = 𝑅𝑖𝑛𝑠𝑖𝑑𝑒 + (𝑖 − 0.5)∆𝑟,              𝑖: 1, … ,𝑁. (3.63) 

3.4 Geochemical simulation 

The CrunchFlow code was used to simulate the geochemical changes within the cement due to 

the reactions (Steefel et al. 2015). This code has been used to simulate the energy, mass, and 

momentum conservation in the various literature (Brunet et al. 2013, Zhang et al. 2013, Brunet et 

al. 2016, Cao, Karpyn, and Li 2015, Dávila et al. 2016). Equation (2.11) expresses the change in 

the concentration of the components which have been used in the CrunchFlow code to simulate 

the geochemical alterations. 
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Table 3.4. The initial concentrations of composing phases of the brine (Brunet et al. 2013). 

 
Table 3.5. The initial volume factions of composing mineral phases of the cement matrix (Brunet 

et al. 2013). 

 
Table 3.6. Reactions within the aqueous phase resulted from exposure to CO2-bearing fluids 

(Brunet et al. 2013). 

 
Table 3.7. Dissolution and precipitation reactions resulting from exposure to CO2-bearing fluids 

(Brunet et al. 2013). 

This item has been removed due to 3rd Party Copyright. The unabridged version of 
the thesis can be found in the Lanchester Library, Coventry University. 

This item has been removed due to 3rd Party Copyright. The 
unabridged version of the thesis can be found in the Lanchester 

Library, Coventry University. 

This item has been removed due to 3rd Party Copyright. The unabridged version of the thesis 
can be found in the Lanchester Library, Coventry University. 

This item has been removed due to 3rd Party Copyright. The unabridged version of the thesis can 
be found in the Lanchester Library, Coventry University. 
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Table 3.8. Diffusion coefficients of species within the aqueous phase at 323.15 𝐾 (Brunet et al. 

2013, Zhang et al. 2013). 

 
The CrunchFlow code is based on the transition-state-theory to calculate the reaction 

rate for minerals. The reactions corresponding to the minerals are assumed to be divided into two 

main groups, namely precipitation and dissolution reactions (Table 3.7). In fact, these two types 

of reactions affect the mineral volume fraction within the cement matrix. As a result, the porosity 

also changes based on Eq. (2.11).  

These types of reactions are thought to be kinetically controlled. This denotes that they 

are relatively slow, and a reaction rate constant (𝑘) should be considered to characterise the 

evolution in theses reactions. The reactions within the aqueous phase are fast enough that they 

can be accounted for in Eq. (2.11) based on their equilibrium constants (𝐾𝑒𝑞), which implies that 

they are controlled by the thermodynamics (Table 3.6) of the system. Table 3.6 and Table 3.7 

summarise the assumed reactions occurring within the cement matrix and the brine in the pores 

of the cement matrix, respectively. 𝐴 is the specific surface area and 𝛼 shows the dependency of 

reactions within the cement matrix upon H+ activity which are introduced in Table 3.7. 

Table 3.8 shows the diffusion coefficient (D0) of the species within the pores of the cement 

matrix at 323.15 𝐾. The effect of the geothermal gradient for the temperature is neglected in this 

chapter and 323.15 𝐾 is considered as a representative average value. However, these 

coefficients are modified within the CrunchFlow code in order to calculate the effective diffusion 

coefficients using the cementation factor of 4.8 and porosity. The diffusion process is responsible 

for the movement of species within the cement pores. In the vicinity of abandoned wells, the 

diffusion process dominates due to the static equilibrium conditions (Huet, Prevost, and Scherer 

2010, Brunet et al. 2016, Huerta et al. 2016, Shen, Dangla, and Thiery 2013), while an advection 

process is more likely to be responsible for the renewal of CO2-bearing fluids at the cement-brine 

interface (Huet, Prevost, and Scherer 2010, Abdoulghafour et al. 2016, Huerta et al. 2016, Shen, 

Dangla, and Thiery 2013, Geloni, Giorgis, and Battistelli 2011). 

This item has been removed due to 3rd Party Copyright. The unabridged version of the thesis can 
be found in the Lanchester Library, Coventry University. 
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In this chapter, it is assumed that in the vicinity of the abandoned wells the flow rate is 

negligible. Therefore, in this case, the static condition dominates the process and the advective 

phenomenon can be ignored. Table 3.4 and Table 3.5 display the initial concentrations of 

contributed components within the cement matrix and the aqueous phase within the pores of the 

cement matrix. 

 The boundary conditions include zero-flux at the cement-casing interface and Dirichlet 

boundary condition which dominates at the cement-formation interface. It is assumed that the 

surrounding formation has no effect on the brine composition and it contains an infinite volume of 

brine compared to the pore volume of the cement sheath. This assumption results in the constant 

composition of the brine at the cement-formation interface. Indeed, the advection phenomenon 

perfectly performs at the cement-formation interface and continuously brings refreshed brine with 

the composition presented in Table 3.4 into contact with the cement sheath. Due to the low 

permeability of the cement matrix and zero-flux at the cement-casing interface, the diffusion 

phenomenon becomes the prevailing process for the transport of the materials within the cement 

matrix. The initial composition of the mineral and aqueous phases are indicated in Table 3.4 and 

Table 3.5. Therefore, with time, the composition of the mineral and aqueous phases in the cement 

matrix alters although the aqueous composition of the brine at the cement-formation interface 

remains invariable. These conditions are included in the importing file of the CrunchFlow code. 

The porosity changes due to the chemical reactions and is updated at each time step as 

following: 

𝜙𝑟𝑔𝑒𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙
𝑡 = 1 − ∑ 𝑉𝑚𝑟

𝑡

𝑁𝑚

𝑚=1

, (3.64) 

𝑁𝑚 shows the number of mineral components which are present within the cement matrix, and 

𝑉𝑚𝑟
𝑡  shows the volume fraction of each mineral, 𝑚, at the radius, 𝑟, and time, 𝑡, although it should 

be noted that this change only occurs due to the chemical reactions. The porosity is updated to 

account for the geomechanical alterations within the cement matrix. Therefore, one can calculate 

the final value of the porosity due to the geochemical and geomechanical changes as follows: 

𝜙𝑟
𝑡 = 𝜙𝑟𝑔𝑒𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙

𝑡 + ∆𝜙𝑟
𝑡
𝑔𝑒𝑜𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙

, (3.65) 

where 𝜙𝑟
𝑡 is the porosity at the radius, 𝑟, and the time, 𝑡. 

3.5 Verification of methodology 

The penetration depth of CO2-bearing fluids into a cement matrix has been tracked for a period 

of one year by Kutchko et al. (2008). It was expected that the depth of the carbonation front follows 

Fick’s second law. However, the result of the experiment was different, and the trend was found 

to fit by using the Elovich equation as follows (McLintock 1967): 
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𝑑𝑥

𝑑𝑡
= 𝑎𝑒−𝑏𝑥. (3.66) 

where, 𝑥 is the penetration depth, 𝑡 is the time, 𝑎 and 𝑏 are constants determined using the 

experiments. Nevertheless, this equation cannot be used to justify the trend that dominates the 

penetration depth within the cement matrix. The penetration depth is a function of the cement 

composition, the aqueous phase within the pore space, the stress state, and temperature.  

Therefore, it seems that the Elovich equation cannot be an appropriate candidate to capture the 

complex interactions that occur within the cement matrix due to the exposure to CO2–bearing 

fluids. It is reckoned that the radial cracking phenomenon is more likely to occur to simulate the 

dominant process, as the samples are surrounded by fluids and the confining stress is zero. 

Therefore, the radial cracking process is presumed to occur rather than the radial compaction. 

Figure 3.8 shows the penetration depth of the Portlandite dissolution front due to the 

invasion of CO2-bearing fluids into a cement matrix measured by Kutchko et al. (2008). In this 

simulation, the Portlandite dissolution front is assumed to be a location in the r-direction where its 

volume fraction falls below 90% of its initial value. The Portlandite dissolution front matches the 

experimental results after 60 days and the coefficient of determination (𝑅2) between 60 and 365 

days is 0.99.  

The penetration depth of the Portlandite dissolution front is above and close to the calcite 

precipitation front prior to 90 days. It should be noted that in this simulation the calcite precipitation 

front is considered as a location in the r-direction where the volume fraction of calcite goes beyond 

16%. With increasing time, from 90 to 365 days, the difference between the penetration depth of 

the calcite precipitation front and the Portlandite dissolution front increases to about 0.1 mm. The 

reason can be found in the changes in the pH of the pore fluids within the cement matrix. The 

simulation calculates the pH penetration front as the location where the pH descends to less than 

95% of the pH value within the intact zone close the centre of the cement matrix. The value of the 

pH within the intact zone decreases from 13.00 to 12.74 during the first 100 days. In fact, exposing 

the cement matrix to CO2-bearing fluids not only results in a large change in pH within the outer 

layers of the cement matrix, but also the inner layers are influenced by the CO2 attack. The 

dissolution of Portlandite is a strong function of the degree of acidity. It dissolves in the acidic 

brine preceding the other components within the cement matrix (Liaudat et al. 2018). The pH 

within the intact zone decreases from 12.74 to 11.87 through 265 days, from day 100 to 365. 

Therefore, as Figure 3.8 shows, after 100 days the distance between the calcite precipitation front 

and the Portlandite dissolution front increases. Simulations show that the calcite precipitation at 

the depth of 0.59 mm reduces the porosity to about 0.03. This phenomenon slows down the 

movement of the pH front, due to a decrease in the diffusion coefficient. The difference between 

the results of Kutchko et al. (2008) and the penetration depth of the calcite precipitation and the 

Portlandite dissolution may have been rooted in the sequential removing of the cement samples 

from a single high-pressure and temperature autoclave. Fluctuations in the pressure of the vessel 
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could create microfractures on the surface of the cement samples which facilitates the permeation 

of CO2-bearing fluids into the inner parts of the cement matrix.  

 

Figure 3.8. Prediction of the penetration depth into the cement matrix at the temperature of 50 ℃ 

in a CO2-saturated brine pressurized to 30.3 MPa; brine is a 1% NaCl solution. Portlandite and 

C-S-H are considered as the main composing components of the cement matrix with the volume 

percentages of 13.5% and 75.2%, respectively, and a porosity of 11.3% prior to being exposed 

to CO2-bearing fluids. The penetration depth is defined by Kutchko et al. (2008) as the deepest 

point in the cement matrix which is affected by CO2-bearing fluids. Therefore, Portlandite 

dissolution front is considered as the penetration depth. 

The carbonation depth as a bright zone with decreased porosity was also measured by 

Liteanu and Spiers (2011). They applied a confining pressure of 30 MPa, and fluid pressure of 10 

MPa on axially fractured cylindrical cement samples. The length and diameter of the cylindrical 

cement samples were 17 mm and 35 mm, respectively. The fracture surfaces of water saturated 

samples were exposed to the supercritical CO2 at a temperature of 80 ℃. The important 

characteristic of this study was applying the confining stress at a static condition similar to the real 

conditions found in underground formations rather than only considering batch systems. The 

static condition is valid prior to the creation of a continuous leakage pathway around or within the 

cement sheath. In this case, the advection phenomenon will also affect the leakage pathways 

depending on the residence time and the initial aperture size of the fracture (Iyer et al. 2017, 

Brunet et al. 2016). To simulate the ingress of carbonation front within the cement matrix, the 

perimeter of the assumed cylindrical cement is considered to be 35 mm. The pH of the pore fluid 

and CO2-saturated brine were considered to be equal to 3.0 and 13.0, respectively.  

The predictions in Figure 3.8 and Figure 3.9 have been developed using the radial 

cracking process. There is no evidence reported relating to the compaction within the outer layers 

of the cement matrix close to the fracture surface (Liteanu and Spiers 2011). Figure 3.9 shows 
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the penetration of the carbonation front into the cement matrix which is shallower than the 

Portlandite dissolution front similar to Figure 3.8. This occurs due to the high sensitivity of 

Portlandite to the change in the pH value of the pore fluids. The simulation precisely predicts the 

calcite precipitation front (or carbonation front in (Liteanu and Spiers 2011)) between 60 and 90 

days, although there is around 0.6 mm difference between the experimental results and the 

simulation results just after ten days. This could be a result of the early compaction of the softened 

and crushed layers on the fracture walls due to the fluid pressure and confining stress following 

the fracturing process. With increasing the duration of test, these layers dissolve in CO2-bearing 

fluids which facilitates the diffusion of the fluids into the cement matrix.  

Overall, Figure 3.9 shows the approximation of the alteration of the cement in CO2-rich 

environments considering the fracture wall as the surface of a cylindrical cement matrix. 

Therefore, although only a fraction of the fracture surface will be exposed to CO2-bearing fluids, 

its impact on the penetration depth is not significant. This issue becomes accentuated when the 

advection process contributes to the reactive transport. It is worth noting that the reaction rate 

constant of Portlandite in this simulation is about one order of magnitude greater than in the 

experiments of Kutchko et al. (2008). The reason is based on the difference between the 

temperatures in experiments. Indeed, the impact of temperature on the geochemical reactions 

within the cement is more effective than that of pressure (Omosebi et al. 2015, Rice 2005).  

To the best of author’s knowledge there is a dearth of information pertaining to the 

experiments employing the tri-axial stress state during the cement exposure to CO2-bearing fluids. 

Therefore, the validation of the radial compaction process needs further experiment. The cement 

undergoes alterations in the stress state from the time of it is set in underground formations. 

Moreover, it is pressurized by the surrounding rocks, which needs to be considered in any 

experiment. The method which is presented in this chapter closely predicts the cement alteration 

in abandoned wells, particularly during the longer periods of time for the experiments in which the 

effects of primary induced conditions seem to be reduced.  
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Figure 3.9. Comparison of the carbonation front ingress into the cement matrix obtained from the 

experiment in (Liteanu and Spiers 2011) with the predicted penetration depth. Porosity is 0.36, 

and the volume percentages of Portlandite and C-S-H is assumed to be 15% and 49%, 

respectively. 

3.6 Results and discussions 

Two processes, namely radial cracking and radial compaction, were assumed to govern the 

alteration in the cement matrix during exposure to CO2 saturated brine. The lifespan of the cement 

affected by each of these two processes is predicted at different depths and under conditions 

found in underground formations. These investigations provide a framework illustrating the 

approximate geomechanical alteration time for a cement matrix in abandoned wells in each of the 

dominant active processes after being exposed to CO2-bearing fluids.  

Determining whether the radial compaction process or the radial cracking is the influential 

process depends on the underground conditions. It is believed that the radial cracking process is 

active until the creep starts. It should be noted that the movement of the Earth’s crust could exert 

a lateral stress on the wellbore. The direction of this force is not necessarily perpendicular to the 

vertical axis of the wellbore. The other phenomenon is creeping that is a time-dependent 

procedure which could grip the wellbore and may reach to a maximum value. In this thesis, this 

maximum value is assumed to be equal to the normal in-situ horizontal stress. As an example of 

the creeping behaviour of the rocks, please, kindly refer to (Zhang, Y. et al. 2015, Jiang et al. 

2013, Cao et al. 2014, Heap et al. 2009, Yang and Jiang 2010, Zhao, Liu, and Dong 2011). In 

this period, and considering the normal underground conditions, the cement sheath is not 

significantly pressurized by its surrounding rock. With time, the radial compaction process 

becomes active due to either creeping or tectonic displacements. Therefore, the radial cracking 

seems to be active close to the time of the well establishment, which puts CCS projects at risk. 
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The activation of the radial compaction process at considerably further in time seems propitious 

though.  

3.6.1 Radial cracking 

The cement sheath, which is cylinder-like, degrades radially with time due to the invasion of CO2-

bearing fluids. The reactions in this zone can be classified as carbonation and degradation, 

respectively. The carbonation process increases the cement strength (Ashraf 2016, Šavija and 

Luković 2016, Omosebi et al. 2016, Urbonas, Leno, and Heinz 2016, Omosebi et al. 2017, 

Wolterbeek, Hangx, and Spiers 2016), while degradation results in the weakening of the cement 

matrix. The degraded cylindrical layers can be assumed to be similar to a sponge area 

surrounding the carbonated and the intact zones within the cement sheath such as Figure 3.4 (a). 

The probability of the radial cracking increases in conventional API oil well cements although a 

low rate of carbonation was observed in these type of oil well cements (Lesti, Tiemeyer, and Plank 

2013).  

To model this process, it is assumed that the failure within the outer layers leads to the 

formation of radial cracks. These cracks provide direct pathways for the invading fluids to migrate 

to the interior zones (Figure 3.4 (a)). Therefore, considering a porosity of one for the cracked 

outer layers can be a reasonable assumption. The cracked layers of the cement sheath are 

practically not able to withstand the stress exerted on them. In this section, their contribution to 

the rock strength after being cracked is removed from calculations. Therefore, all the loads are 

transferred into the outerface of the uncracked zones deep within the cement sheath. This implies 

that no stress redistribution occurs within the cracked zones. Gradually, the interior zones will 

also be influenced by invading fluids. The radial cracking process will continue until the entire 

cement sheath fails. This section investigates the effects of the depth and the radial thickness of 

the cement sheath on its durability. The radial stress (𝜎𝑅) on the outer face of the cement sheath 

burdened by the surrounding rocks is assumed to change between zero to the in-situ horizontal 

stress calculated by Eq. (3.1). The depth is considered to vary from 800 to 2500 m which is the 

common range the CO2 storage projects (Herzog and Golomb 2004, Rackley 2017). In these 

simulations, the inside radius of the cement sheath is 88.9 mm (or a production casing with an 

outer and inner diameter of 7 and 6.366 inches, respectively). The ratio of the radial thickness of 

the cement sheath over its inside radius (𝑡/𝑟) changes from 0.06 to 2.22. For a borehole with an 

inner diameter of 9.10 inch, the value of 𝑡/𝑟 is 0.30. However, the borehole size is subject to 

change. The drilling operation affects the borehole walls. The precipitation of dislodged particles 

from the borehole walls reduces the borehole size. Meanwhile, the transfer of these particles can 

increase the borehole size at their initial places.  

Based on the Eq. (3.1), at a depth of 2075 m, the radial stress is assumed to be equal to 

33.24 MPa. This value of this stress is equal to the in-situ horizontal stress under the normal 

underground conditions. It is considered that the radial stress can change from zero to 33.24 MPa 
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depending on the surrounding environment adjacent to the well cement. The lifespan of the 

cement matrix at different ratios of 𝑡/𝑟 are shown in Figure 3.10, the radial stress in this figure is 

considered to be at 0%, 25%, 50%, 75%, and 100% of 33.24 MPa.  

Figure 3.10 shows that with increasing 𝑡/𝑟 ratio from 0.06 to 2.22 the cement lifespan 

increases between 15 and 76 fold at different values of 𝜎𝑅. Figure 3.10 is obtained from the 

extrapolation of curves in Figure 3.15 (Please, refer to Section 3.6.3). The most stable state of 

the cement sheath occurs at 𝜎𝑅 of 8.31 MPa (or 𝜎𝑅 equal to 25% of the in-situ horizontal stress at 

the depth of 2075 m). At this value of 𝜎𝑅, with increasing the 𝑡/𝑟 from 0.06 to 2.22, the cement 

lifespan increases from 122 years to more than 9380 years. The cement, at a  𝜎𝑅 of 33.24 MPa, 

has the shortest lifespan compared to the lifespan of the cement at the other in-situ horizontal 

stresses, which increases from 53 to 1420 years as 𝑡/𝑟 is increased from 0.06 to 2.22. The 

lifespan of the cement sheath at a 𝑡/𝑟 of 0.3 is 158, 191, 150, 107 and 79 years for 𝜎𝑅 of 0, 8.31, 

16.62, 24.93, and 33.24 MPa, respectively. If 𝜎𝑅 of zero is ignored in Figure 3.10, increasing the 

radial stress significantly will reduce the lifespan of the cement sheath.  

At a constant depth, the fluid pressure also remains constant in these simulations, 

because it is defined as a hydrostatic pressure. The CO2 concentration in brine is a function of 

the fluid pressure which generally increases with increasing the fluid pressure (Abbaszadeh and 

Shariatipour 2018, Shariatipour, Mackay, and Pickup 2016). Thermodynamic rules (Spycher, 

Pruess, and Ennis-King 2003, Duan and Sun 2003) determine the CO2 concentration in brine 

which is expected at a specific fluid pressure. It should be noted that, in solids and liquids,  

chemical reactions are strong functions of the species concentration rather than the environment 

pressure (Rice 2005). This is based on negligible changes in the volume of solids and liquids with 

variations in the burden pressure. Therefore, after either the complete dissolution of CO2 in brine 

or surpassing the maximum concentration predicted by thermodynamic rules, the fluid pressure 

will have no more direct impact on the chemical reactions (Bagheri, Shariatipour, and Ganjian 

2019a). In Figure 3.10, the fluid pressure and temperature are above the critical pressure and 

temperature of CO2, respectively, implying the complete dissolution of CO2 in brine. The progress 

of chemical reactions is approximately equal at different 𝜎𝑅 in this figure, therefore, the stress 

state is significantly determinative of the cement lifespan. 

If a 𝜎𝑅 of zero is ignored, increasing the radial stress results in an increase in the effective 

stress. The layers which are adversely affected by CO2-bearing fluids will be susceptible to 

cracking. At a 𝜎𝑅 of zero, the cement matrix is only subjected to the fluid pressure and 

consequently, other stresses are produced as a reaction to the fluid pressure. 

The cement matrix, during early days after being exposed to CO2-bearing fluids, shows 

a gradual increase in the porosity value. This is due to the primary dissolution of CH at each point 

within the cement matrix. This is due to the high sensitivity of CH to drop in the pH value. Figure 

3.11 (a) shows a slight increase in the value of the porosity during the first 110 days after exposure 
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to CO2-bearing fluids. This trend is also observed in deep areas of all cement sheathes with 

different thicknesses. After 110 days, the porosity shows a smooth decrease which illustrates the 

impact of the imposed stresses. 

At a 𝑡/𝑟 of 0.06 and 2.22, the porosity profile of a layer at a radial distance of 22.2 mm 

from the calcite precipitation zone towards casing is shown in Figure 3.11 (a) and (b), respectively. 

Figure 3.11 (a) simply shows that the porosity profile at 𝜎𝑅 of zero is lower than for the other in-

situ horizontal stresses. This indicates that at low ratios of 𝑡/𝑟 the cement sheath lasts a longer 

period of time with decreasing in the in-situ horizontal stress. In Figure 3.11 (a), the porosity value 

increases with increasing the in-situ horizontal stress. Therefore, it can be deduced that the 

lifespan of the cement sheath is shorter at higher in-situ horizontal stresses.  

In comparison to Figure 3.11 (a), Figure 3.11 (b) shows that the layer with the same 

distance from the calcite precipitation zone is more affected by CO2-bearing fluids, with around 

0.14 increase in porosity. This reveals that at higher ratios of 𝑡/𝑟 the diffusion process brings an 

increased amount of carbon species coming in contact with the inner parts of the cement sheath. 

The higher porosity of the calcite precipitation zone at higher ratios of 𝑡/𝑟 allows deeper diffusion 

of carbon species in comparison to low ratios of 𝑡/𝑟 (Figure 3.12). Although at higher ratios of 𝑡/𝑟 

a large zone shows a significant increase in the porosity, the thickness of this zone is not 

comparable to the radial thickness of the sheath. Moreover, at high ratios of 𝑡/𝑟, deeper zone 

represents a porosity profile such as Figure 3.11 (a). If 𝜎𝑅 of zero is considered as an exception, 

with increasing 𝑡/𝑟 the lifespan of the cement sheath increases and the lifespan of the cement 

matrix is still shorter at higher in-situ horizontal stresses. 

In Figure 3.10, at 𝜎𝑅 of zero, the pore walls of the cement matrix are only under the fluid 

pressure, and the radial stress on the cement-casing interface imposed by the formation is equal 

to zero. In this case, the cement pores undergo an extensional regime due to the fluid pressure. 

Simulations show that the fluid pressure within the pores of the cement matrix results in the 

compressive stresses both in the 휃-direction and the z-direction. However, the stress in the r–

direction is tensional where its magnitude is not comparable with the two other stresses. For a 

time period of 1810 days which is simulated in this chapter, the minimum effective stress on the 

pore walls of the cement matrix does not fall below the tensile strength. Based on the low tensional 

strength of the cement matrix (10-15% of its compressive strength (Arιoglu, Girgin, and Arιoglu 

2006)), there is a high  potential for tensile failure due to the fluid pressure. At the in-situ horizontal 

stress of zero and low ratios of 𝑡/𝑟, the average specific surface area of pores is not as large as 

at high ratios of 𝑡/𝑟 which can be understood from Figure 3.11. Therefore, at 𝜎𝑅 of zero and high 

ratios of 𝑡/𝑟 the average force which is acting on the pore walls of the cement matrix is high which 

leads to a shorter lifespan of the cement matrix in comparison to non-zero in-situ horizontal 

stresses. The order of the cement lifespan which is seen in Figure 3.10 will remain the same at 

other initial values of the porosity for non-zero in-situ horizontal stresses. However, the relative 
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position of the cement lifespan for 𝜎𝑅 of zero is liable to change depending on the alteration form 

of the tensile strength for the cement matrix due to exposure to high-pressure and high-

temperature CO2-rich environments. In this case, it is a direct function of the tensile strength rather 

than the compressive strength. 

 
Figure 3.10. The failure time of the cylindrical cement matrices at the depth of 2075 m vs. the 

radial cement thickness over its inside radius (𝑡/𝑟) at the different radial stresses (𝜎𝑅) while the 

radial cracking process is active. 

 

Figure 3.11. The porosity profile at a distance of 22.2 mm from the calcite precipitation zone 

towards casing, the radial cracking process is active, (a) at 𝑡/𝑟 of 0.06 and (b) at 𝑡/𝑟 of 2.22. 
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Figure 3.12. The porosity profile of calcite precipitation zone. The zone with the highest volume 

fraction of calcite is considered as the calcite precipitation zone, the radial cracking process is 

active, (a) at 𝑡/𝑟 of 0.06 and (b) at 𝑡/𝑟 of 2.22. 

 
Figure 3.13. The failure time of the cylindrical cement matrices vs. the radial cement thickness 

over its inside radius (t/r) at the different depths while the radial carking process is active; the 

radial stress is calculated using Equation (3.1)) at different depths. 

Decreasing the depth by 1700 m from 2500 to 800 m, leads to a five to six times increase 

in the cement lifespan, as shown in Figure 3.13. This figure is obtained from the extrapolation of 

curves in Figure 3.16 (Please, refer to Section 3.6.3.1). As in Figure 3.10, it is also confirmed in 

Figure 3.13 that increasing the ratio of 𝑡/𝑟 from 0.06 to 2.22 results in around 25 times increase 

in the cement lifespan. At shallower depths, the in-situ horizontal is lower compared to deep 

locations, therefore, the effective stress is not comparable with the compressive strength of the 

cement sheath. It signifies that the cement sheath can endure being exposed to CO2-rich 

environments for longer periods of time. This can be advantageous because the cement sheath 

at shallower depths can prevent the upward movement of CO2-bearing fluids after the primary 

leakage through deeper well cements. In fact, it can exponentially delay the CO2 leakage to the 

Earth’s surface, in a longer timeframe than that predicted in Figure 3.13. With depth, the 
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surrounding stresses on the cement sheath increase. With increasing the confining stresses, an 

increase in the strength is normally expected. This statement seems to be in contrast to Figure 

3.13 and its explanation. Although an increase in the strength of the cement sheath from the depth 

of 800 to 2500 m is expected, this increase is not comparable to the shear stress which is 

burdened on the cement sheath at deeper points. This implies that even though the strength of 

the cement sheath increases with depth, it is not enough to bear the shear stress. 

3.6.2 Radial compaction 

At high radial stresses, the radial cracking process can also be interpreted as the collection of 

dislodged particles surrounding the inner parts of the cement sheath. Although this zone is under 

radial stress from the surrounding rocks, the newly formed zone within the structure of the cement 

sheath is similar to the high porosity clastic rocks. However, it is thought that the cement sheath 

is more inclined to the radial cracking process at lower in-situ horizontal stresses. High radial 

stresses overcome the strength of the outmost layers of the cement sheath highly affected by 

CO2-bearing fluids. In this case, the radial stress compacts the outermost degraded zones of the 

cement sheath. In fact, these layers will no longer be strong enough to withstand the radial stress 

which results in their compaction (Figure 3.4 (b)) (Carroll, Iyer, and Walsh 2017). It was shown in 

Figure 3.5 that in this state the degraded layers are perpendicular to the radial stress. The Young’s 

modulus will be close to its lower limit in the radial direction based on the Reuss model for the 

case that the radial stress is perpendicular to the degraded layers (Liu, Feng, and Zhang 2009, 

Zhu, Fan, and Zhang 2015). However, in this thesis, the Voigt model is chosen to show the direct 

effect of the degradation and precipitation processes on the compressive strength for the cement 

matrix. Therefore, it is expected that the porosity value within these layers decreases to a fraction 

of its initial value. This process is simulated in this chapter by considering a degree of reduction 

in the porosity once a layer compacts based on Drucker-Prager criterion. The value of the porosity 

is considered to change from 100% to 5% of its initial value due to the compaction process. 

Figure 3.14 represents the alteration in the Drucker-Prager criterion, 휂,  which is defined 

in Eq. (3.57) versus time. It can be observed that 휂 in both 𝜎𝑅 of 33.24 and 8.31 MPa does not 

show an increasing trend. It can be inferred that the cement sheath at a depth of 2075 m 

withstands the conditions found underground due to CO2 exposure for an indefinite length of time. 

In Figure 3.14, the porosity of the compacted layers reduces from 0.1500 to 0.0375 due to the 

compaction process. Figure 3.14 is the representative of trends observed in Figure 3.17 and 

Figure 3.18 (Please, referred to Section 3.6.3.2). It can be realised that the radial compaction 

process postpones the overall failure of the cement matrix to a great extent. Changing either the 

porosity of the compacted layers (PoC) or the radial stress do not shorten the lifespan of the 

cement matrix, except at 𝜎𝑅 of zero and 𝑡/𝑟 of 0.06. At in-situ horizontal stress of zero, it is not 

feasible to consider the compaction as being an active process. Because the radial compaction 

process is the main reason for the compaction of the weakened layers within the cement sheath. 

However, in neither of Figure 3.17 nor Figure 3.18, the predicted lifespan of the cement sheath 
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fall below 1822 years.  It can be concluded that the radial compaction process is advantageous 

to the durability of the cement sheath. 

 
Figure 3.14. The profile of 휂 (the Drucker-Prager failure criterion) versus time (days), 𝑡/𝑟 shows 

the ratio of the radial thickness of the cement sheath over its inside radius, the depth is 2075 m, 

the porosity of compacted layers (PoC) is 0.0375. (a) The radial stress (𝜎𝑅) on the outside face of 

the cement sheath from the surrounding rock is 33.24 MPa; (b) the radial stress is 8.31 MPa 

3.6.3  Prediction: rationale and methodology 

Section 3.6.3.1 investigates the radial cracking process and shows the alteration in the Drucker-

Prager criterion, 휂. Section 3.6.3.2 discusses the compaction process and changes in 휂 with time 

in which the porosity of the compacted layers reduces to a fraction of its initial value. The cement 

failure time is predicted using the extrapolation of the linear functions fitting over 1210 to 1810 

days to 휂 of one in Figure 3.15 to Figure 3.18 at different ratios of 𝑡/𝑟. Figure 3.10 and Figure 

3.13 are obtained based on the extrapolations of plots in Figure 3.15 and Figure 3.16, 

respectively. A number of 500 simulations have been run to investigate the behaviour of the 

cement sheath under the effect of the radial cracking and the radial compaction process at 

different values of the in-situ horizontal stress and the cement sheath thickness. To provide a 

comprehensive study within a reasonable time framework, a five-year time period is opted based 

on the performance of the model and convergency of calculations in the geochemical side.  

3.6.3.1 Profile of failure criterion in radial cracking 

Figure 3.15 (a), as an example, illustrates that the Drucker-Prager failure criterion (휂) increases 

to less than 0.09 for the entire cement sheath over 1810 days at 𝑡/𝑟 of 0.06. The magnitude of 

the difference between 휂 and one is inversely related to the tendency of the cement sheath to be 

failed. Once 휂 for the entire cement sheath becomes greater or equal to one, the cement sheath 

fails. Figure 3.15 (a) and (b) are indirectly illustrating the cement failure tendency and change in 

its shape, respectively, at in-situ horizontal stress, 𝜎𝑅, of zero. In this case, the geochemical and 

the geomechanical changes result in the porosity increase although it is not still enough for the 

cement failure. It is anticipated that the cement failure will occurs prior to that the radial cracking 
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reaches the inner radius of the cement sheath. In this process, the radial cracking process 

aggravates the cement degradation by reducing its compressive strength.  

An increase in the value of 𝑡/𝑟 decreases the slope of 휂 versus time during the final 800 

days of the simulation in Figure 3.15 (a), (c), (e), (g), and (i). This is due to the greater effect of 

CO2-bearing fluids on the low-thickness cement sheathes than the thick ones. At low ratios of 𝑡/𝑟, 

the penetration depth of CO2-bearing fluids is comparable with the radial thickness of the cement 

sheath.  

Figure 3.15 (b), (d), (f), (h), and (j) illustrate a constant depth of penetration after the first 

110 days. This is due to the carbonation process at depths close to the cement-rock interface 

which hampers the invasion of more carbon species into the deeper parts of the cement sheath. 

Carbonation decreases the porosity within the calcite precipitation zone leading to an increase in 

the overall compressive strength. The gradual diffusion of CO2-bearing fluids through this zone 

very slowly depletes Portlandite within the inner parts of the cement sheath. The depletion of the 

Portlandite will be more uniform throughout the inner parts. Actually, the calcite precipitation zone 

acts as a barrier which prevents the ingress of sharp pH fronts into the inner parts of the cement 

sheath. The Portlandite dissolution increases the porosity and hence decreases the overall 

compressive strength. This phenomenon is obviously more effective on the low thickness cement 

sheaths as shown in Figure 3.15. The time in which 휂 becomes greater than one is considered 

as the failure time indicating the maximum lifespan of the cement sheath under the incurred 

conditions in CO2 storage sites. 

Figure 3.16 shows the effect of increase in depth on cement durability. With increasing 

depth, the curves of 휂 shift upwards in this figure. It can be observed that the depth of crack 

penetration is not affected by increasing in depth.  

The effect of carbonation is apparent in Figure 3.16 (b), (d), (f), (h), and (j) which shows 

a constant depth of penetration after the first 110 days. This phenomenon increases the cement 

strength in the early stages after being exposed to CO2-bearing fluids and stops the further 

movement of the pH front into the inner parts of the cement matrix. It should be noted that the 

carbonated layer also degrades with time, therefore, the eventual reopening of this layer could be 

expected. However, this time period would be far beyond the simulation time scale in this chapter. 

Indeed, this process is extremely slow due to the small difference between the rate of calcite 

precipitation and the degradation
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Figure 3.15. Change in the Drucker-Prager failure criterion (휂), and in the number of involved nodes within the simulation out of 600 nodes at the different 

ratios of the radial thickness of the cement sheath over its inside radius (𝑡/𝑟) versus time at different radial stresses (𝜎𝑅). (a) and (b) show the trends of 휂 

and the number of uncracked or intact nodes at 𝜎𝑅 of 0, respectively; (c) and (d) show the trends of 휂 and the number of intact nodes at 𝜎𝑅 of 8.31 MPa, 

respectively; (e) and (f) show the trends of 휂 and the number of intact nodes at 𝜎𝑅 of 16.62 MPa, respectively; (g) and (h) show the trends of 휂 and the 

number of intact nodes at 𝜎𝑅 of 24.93 MPa, respectively; (i) and (j) show the trends of 휂 and the number of intact nodes at 𝜎𝑅 of 33.24 MPa, respectively. 

Depth in all plots is 2075 m, and the radial cracking is the active process. 
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Figure 3.16. Change in the Drucker-Prager failure criterion (휂), and change in the number of involved nodes within the simulation out of 600 nodes at the 

different ratios of the radial thickness of the cement sheath over its inside radius (𝑡/𝑟), and at different depths. (a) and (b) show the trends of 휂 and the 

number of uncracked or intact nodes at the depth of 800 m, respectively; (c) and (d) show the trends of 휂 and the number of intact nodes at the depth of 

1225 m, respectively; (e) and (f) show the trends of 휂 and the number of intact nodes at the depth of 1650 m, respectively; (g) and (h) show the trends of 

휂 and the number of intact nodes at the depth of 2075 m, respectively; (i) and (j) show the trends of 휂 and the number of intact nodes at the depth of 2500 

m, respectively. The radial stress, in all plots, is assumed to be equal to the in-situ horizontal stress obtained from Eq. (3.1) at each depth. The radial 

cracking is the active process. 
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3.6.3.2 Profile of failure criterion in radial compaction 

The compaction process is investigated at different depths of a well and the porosity of the 

compacted layers (PoC) in Figure 3.17. In this figure, the ratio of the radial thickness over the 

inside radius (𝑡/𝑟) of the cement sheath is between 0.06 and 2.22, and the depth changes from 

800 to 2500 m. The zero slopes of 휂 curves vs. time represents that at depths from 800 to 2500 

m and under typical in-situ horizontal stresses (i.e., calculated based on Eq. (3.1) ) for each depth) 

the cement failure is never expected to happen.  In fact, the radial compaction process will 

preserve the cement sheath against being aggressively degraded by CO2-bearing fluids. Figure 

3.17 illustrates the impact of the geomechanical changes within the cement sheath. The imposed 

effective stress decreases the overall porosity of the cement matrix. Decreasing the overall 

porosity leads to an increase in the Young’s modulus of compacted layers and the overall 

compressive strength of the cement matrix. Therefore, the cement sheath is strengthened which 

reduces the failure tendency over a short period of time just after being exposed to a normal in-

situ horizontal stress within CO2-storage sites. 

The shortest failure time calculated in Figure 3.17 and Figure 3.18 is about 1822 years 

for 𝑡/𝑟 of 0.06, 𝜎𝑅 of 24.93 MPa, PoC of 0.0750, and a depth of 2075 m in Figure 3.18 (r). Hence, 

under the normal underground conditions, the radial compaction process maintains the cement 

sheath on the safe side. 
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Figure 3.17. Change in 휂 at different depths and ratios of the radial cement thickness over its 

inside radius (𝑡/𝑟) while the radial compaction process is active. PoC is the porosity of the 

compacted layer which is constant through the columns of the figure. Depth is also constant in 

every row. 𝜎𝑅 is calculated using Equation (3.1) at each depth. 

In Figure 3.18, the radial stress changes from zero to the typical in-situ horizontal stress 

calculated using Eq. (3.1) depending on stress conditions found underground. At depth of 2075 

m, the in-situ horizontal stress is calculated as 32.24 MPa. The effect of the in-situ horizontal 

stress on the radial compaction process is significant, although different PoCs illustrate a similar 

behaviour at constant values of 𝜎𝑅 as shown in rows of Figure 3.18.  

A comparison of Figure 3.16 with Figure 3.17 shows that under typical in-situ horizontal 

stress the radial compaction process can assist the cement sheath to retain its integrity for an 

unlimited time (at worst cases more than 1822 years). The radial cracking process illustrates that 

the failure tendency of the cement sheath increases with depth. This could be propitious, as the 

increased durability of the cement matrices at shallower depths can exponentially delay the CO2 

leakage to the Earth’s surface while the radial cracking is active. 
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Figure 3.18. Change in 휂 at different depths and ratios of the radial cement thickness over its 

inside radius (𝑡/𝑟) while the radial compaction process is active. PoC is the porosity of the 

compacted layer which is constant through the columns of the figure. 𝜎𝑅 is also constant in every 

row. Depth is 2075 m in all plots. 

3.7 Summary and conclusion 

This chapter provides a framework for predicting the lifespan of the cement sheath affected by 

two possible alteration processes under the conditions found in CO2 storage sites. It is important 

to predict the failure time of well cements, because in the case of failure they can be converted 

to the potential leakage pathways for CO2-bearing fluids. The CO2 leakage through well cements 

compromises the time and expense invested in CCS projects and negates their value as viable 

long term sequestration locations.  

Abandoned wells in depleted oil and gas reservoirs used for CO2 storage sites are likely 

to be exposed to CO2-bearing fluids due to the migration of CO2 plumes from the injection wells. 

The brine as a ubiquitous component within the depleted oil and gas reservoirs reacts with the 

injected CO2 and results in the formation of carbonic acid. Calcium will be leached from the well 

cements used in the borehole or for capping due to the exposure to these acidic environments. 
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This process leads to the carbonation and degradation of the cement which threatens its 

durability. The durability, in this study, is assumed to be a function of its mechanical properties. 

In other words, one can predict the maximum lifespan of the cement sheath based on the 

degradation of its mechanical properties. To predict the lifespan of the cement sheath, a 

geomechanical and a geochemical process have been coupled.  

Two processes are predicted to occur within a cement sheath under geo-sequestration 

conditions. Firstly, cement degradation weakens the integrity of the outermost layers within a 

cement sheath. These layers are probable to crack under the high overburden and low radial 

confining stresses or under high shear stresses. This phenomenon is referred to as the radial 

cracking process, which increases the vertical stress on the intact interior layers. In this case, the 

outermost layers crack and perform similar to a sponge with a porosity of one surrounding the 

interior zones. The other state occurs when the in-situ horizontal stress compacts the outermost 

layers which lose their integrity. The compaction of these layers reduces the porosity which limits 

the diffusion of CO2-bearing fluids into deeper parts of the cement sheath. Therefore, it would be 

wise to expect a longer lifespan for the cement sheath under the influence of this phenomenon 

referred to as the radial compaction process. These two phenomena are investigated in this 

chapter and the following represents the significant findings of this work: 

 Increasing the radial thickness of the cement sheath from 6 to 222 mm around a casing 

with an outer radius of 88.90 mm (or an outer diameter of 7 inches) can prolong the 

lifespan of the cement sheath by more than 15 fold whilst the radial cracking process is 

active. In the radial compaction process, the lifespan of the cement sheath increases 25 

fold with increasing its radial thickness. It is worth noting that the failure time for a cement 

sheath with a radial thickness of 26.67 mm (𝑡/𝑟=0.30) and at a depth of 2075 m in the 

radial cracking process is 158, 191, 150, 107 and 79 years at the in-situ horizontal 

stresses of 0, 8.31, 16.62, 24.93, and 33.24 MPa, respectively. The lifespan of the cement 

sheath at depths of 800, 1225, 1650, 2075, and 2500 m is 293, 166, 112, 79, and 56 

years, respectively, by considering a cement sheath with a radial thickness of 26.67 mm 

(𝑡/𝑟=0.30) and a maximum in-situ horizontal stress calculated at each depth using Eq. 

(3.1). 

 Under the condition of maximum in-situ horizontal stress calculated at each depth using 

Equation (3.1), the radial compaction helps the cement matrices to keep their integrity for 

an unlimited time (at worst cases even more than 1822 years), while the radial cracking 

process shows a decrease in the lifespan of the cement matrix with increasing depth.  

 Every 425 m increase in the depth, while the radial cracking is active, results in about a 

39% decrease in the cement lifespan. In this case, the minimum time calculated for the 

cement failure corresponds to the depth of 2500 m, and the cement radial thickness of 6 

mm which is about 37 years. In this case, the CO2 leakage could be hindered at shallower 

depths.  
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 It can be observed that some of the abandoned wells during the last century which are 

exposed to CO2-bearing fluids are close to their failure point from a pessimistic viewpoint. 

With increasing depth, the cement sheath of abandoned wells will be more vulnerable to 

failure while the radial cracking process is active.  

This simulation considers the cement sheath surrounded by the rocks and ignores the 

effect of geochemical reactions on the steel casing at its outside radius. It can be justified in this 

context that the permeability of the cement matrix is extremely low, furthermore, the carbonation 

process postpone the time of CO2-bearing fluids reaching the outer radius of the casing steel. 

The compaction process also to a high degree delays the invasion of CO2-bearing fluids to the 

outer radius of the casing steel. Nevertheless, extra work will be needed to consider the 

interaction of invading fluids with the steel casing. Usually, in the presence of the cement matrix, 

steel casings are more susceptible to rust and produce a layer of scale which prevents further the 

degradation and the penetration of CO2-bearing fluids into the wellbore. However, the simulations 

in this chapter do not demonstrate the penetration to the inside radius of the cement sheath. 

Moreover, it is worth noting that failure within the cement structure does not necessarily mean 

CO2 leakage, as the failure products and dislodged rocks will probably partially fill in the gaps 

depending on the underground conditions which need further studies. 

The numerical method applied in this simulation uses a one-step iterative method to 

conjugate the geochemical and the geomechanical simulation processes. In order to increase the 

precision and reliability of the results, it is suggested that all the geochemical and geomechanical 

equations are solved in one step rather than using an iterative method such as in Figure 3.3. 

Larger time steps can be applied using the implicit solution method, meaning that the simulation 

can predict larger time frames. In addition, this method is more stable although computationally 

demanding.   Next chapter provides a more detailed investigation on the geochemical alteration 

of the cement matrix in CO2-rich environments which are representative of the conditions found 

in CO2 storage sites.
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Chapter 4 

Geochemical Alteration of Cement Matrices in CO2 

Storage Sites and Reactive Transport Modelling 

The injection of CO2 into underground formations (e.g., depleted oil and gas reservoirs) leads to 

the formation of an acidic brine. The brine as a ubiquitous phase within the underground 

formations reacts with the injected CO2 and as a result the pH of the mixture decreases. This 

acidification process changes the structure of pores within the reservoir storage rocks that come 

into contact with the brine. Depending on the predominating reactions, this phenomenon may 

result in either self-sealing or the opening of the pores. The self-sealing behaviour may reduce 

the storage capacity of the underground formations, and prevent the movement of CO2-bearing 

fluids further into the rock formations; whereas, the opening behaviour of the pores facilitates the 

permeation of the CO2 plume. The clogging of pores near the injection wells decreases their 

injectivity. Therefore, it would appear to be advantageous to design injecting operations applying 

a method to decrease the probability of self-sealing behaviour in the vicinity of injection wells. In 

contrast, the self-sealing behaviour (sometimes is also referred to as the self-healing behaviour) 

is of great interest close to abandoned wells, especially within the cement sheath used for the 

casing (during completion) and plugging (during abandoning). Moreover, it should be noted that 

the interaction between the acidic brine and rocks affects the mineral and capillary trapping due 

to the reactions and changes in the pore structure, respectively. Although the dissolution trapping 

is important for CO2 storage, changes in the properties of fluids present within the underground 

formations could either negatively or positively affect other storage mechanisms. Therefore, the 

Reactive Transport Modelling (RTM) of CO2 storage could be considered as a means of 

identifying the changes in the total CO2 storage capacity in intended reservoirs.  

4.1 Introduction  

Physical trapping and geochemical trapping are the two main mechanisms which play key roles 

in effective and safe CO2 sequestration. Physical trapping includes structural, stratigraphic and 

hydrodynamic trapping, sometimes also referred to as residual CO2 trapping. Geochemical 

trapping involves mechanisms corresponding to reactions with CO2, namely, dissolution of the 

CO2 in brine as a ubiquitous phase in underground formations, and interaction with the 

surrounding rock (IPCC 2005). Therefore, geochemical trapping can be divided into two 

components, namely solubility trapping and mineral trapping.  
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Carbon dioxide is usually stored in underground formations deeper than 800 m. At these 

depths, CO2 is converted into a supercritical fluid due to the high-pressure and high-temperature 

conditions found in the underground formation and the injection pressure at Earth’s surface 

(Kutchko et al. 2008, Iglauer 2018). Contractors prefer to inject CO2 either in a liquefied or 

supercritical form. In this state, the density of the CO2 changes from 150 to greater than 800 

kg/m3. Under these conditions, the density of CO2 is that of a  liquid and its viscosity is 5 to 40 

times lower than that of the brine both leading to an increase in the efficiency of carbon capture 

and storage (CCS) projects (Nordbotten et al. 2005). The deeper the injection depth the more 

secure the CO2 storage. CO2 leakage to the Earth’s surface will be mitigated due to the existence 

of more barriers in the vertical direction preventing its movement upwards. In addition, fewer wells 

are typically drilled in these types of deep formation.  

Once the CO2 is injected into the underground formations, it starts to migrate both laterally 

and vertically. The buoyancy force resulting from the density difference between the brine and 

injected CO2 leads to the migration of CO2 upwards and then towards the caprock. Although there 

are no sudden variations in the rock properties from the reservoir to the caprock (Onoja and 

Shariatipour 2018), there is still only a slight chance for any permeation of CO2-bearing fluids into 

the caprock. The CO2 plume can either be trapped beneath the caprock or keeps moving parallel 

to the tilted caprock (Shariatipour, Pickup, and Mackay 2014).  

The buoyancy force through the early ages after CO2 injection highlights the role of 

structural and stratigraphic trapping mechanisms. The migration of the CO2 plume leads to the 

residual trapping of gas by capillary forces (Niu, Al-Menhali, and Krevor 2014, Zhao, MacMinn, 

and Juanes 2014, Pawar et al. 2015, IPCC 2005). This mechanism can result in the 

immobilisation of a remarkable amount of CO2 in the storage site. With time, the effect of solubility 

trapping is more accentuated. This mechanism reduces the buoyancy force because there will no 

longer be a dominating separate CO2 phase. Moreover, the reaction between the dissolved CO2 

and the rock results in mineral trapping, which is the most stable form of CO2 storage. However, 

this form of trapping through the formation of carbonates (Liu and Maroto-Valer 2014) takes 

centuries before it becomes the dominant CO2 storage mechanism. The reactive transport 

modelling (RTM) is applied to simulate the destiny of CO2 plumes in CO2 storage sites. 

Reactive transport modelling is a method for coupling the geochemical reactions and 

transport mechanisms within porous media. The science fields, such as hydrology and reservoir 

simulation significantly, benefit from this method for modelling the distribution of contaminants in 

groundwater and the dominant storage processes of CO2 in underground formations, 

respectively. All the processes involved in the storage of CO2 in underground formations can be 

integrated in the RTM. This chapter aims at providing a short review on RTM as a means of 

modelling CO2 storage in underground formations and the geochemical alteration of cement 

matrices in these formations. 
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4.2 Dominating Phenomena 

A reactive transport process can be modelled by coupling the mass, momentum, and energy 

balance equations within the porous medium. Energy conservation, however, will be neglected if 

isothermal conditions dominate the porous medium.  

The storage of CO2 is accompanied by various types of phenomena that affect the mass 

balance in each element of a porous medium. Three main mechanisms, including the advection 

process, the diffusion process, and geochemical reactions govern the mass balance. The mass 

conservation for the component 𝑗 in an arbitrary cell within a CO2 storage site can be written as 

follows:  

𝑀𝑎𝑠𝑠 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛

= 𝐼𝑛𝑙𝑒𝑡 𝑚𝑎𝑠𝑠 −  𝑂𝑢𝑡𝑙𝑒𝑡 𝑚𝑎𝑠𝑠 +  𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑚𝑎𝑠𝑠

−  𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑚𝑎𝑠𝑠. 

(4.1) 

By considering the dominant phenomena in phase 𝛽, the following equation can be 

derived (Steefel et al. 2015, Ajayi and Gupta 2019):  

𝜕 (𝜙𝑆𝛽𝐶𝑗𝛽)

𝜕𝑡
=  𝛻. (𝜙𝑆𝛽𝐷𝑗𝛽

∗ 𝛻𝐶𝑗𝛽) − 𝛻. (𝑞𝛽𝐶𝑗𝛽) + 𝑅𝑗𝛽 + 휁𝑗𝛽

+ 𝑆𝑗𝛽 ,                        (𝑗 = 1,2,3, …𝑛) 

(4.2) 

where 𝑗 refers to the composing components in the phase 𝛽, 𝑆𝛽 is the saturation of phase 𝛽, 𝜙 is 

the porosity, 𝐶𝑗𝛽 (𝑚𝑜𝑙/𝑚3) is the concentration of the component 𝑗, 𝑞𝛽  (𝑚/𝑠) is the velocity of the 

phase 𝛽, 𝐷𝑗𝛽
∗  (𝑚2/𝑠) is the diffusion coefficient of the component 𝑗 in the porous medium, 𝑅𝑗𝛽 

(𝑚𝑜𝑙/(𝑚3. 𝑠)) is the summation of the produced and the consumed concentration over the time 

for the component 𝑗. The term on the left hand side of Eq. (4.2) shows the mass accumulation of 

the component 𝑗. The first, second and third terms on the right hand side of Eq. (4.2) represent 

the mass balance due to the diffusion-dispersion process, the advection process, and the 

geochemical reactions, respectively. The fourth term on the right hand side of Eq. (4.2) shows the 

interphase mass transfer of the component 𝑗 in 𝑚𝑜𝑙/(𝑚3. 𝑠). 𝑆𝑗𝛽 shows the mass transfer of the 

component 𝑗 between the phase 𝛽 and an external source in 𝑚𝑜𝑙/(𝑚3. 𝑠). Eq. (4.2) is a more 

developed and comprehensive formula compared to Eq. (2.11). 

Equation (4.2) shows the momentum and mass balance. This equation expresses 

Darcy’s law at low Reynold’s numbers, that is the ratio of inertial to the viscous forces, considering 

the momentum balance. However, a deviation from Darcy’s law is observed at high Reynold’s 

numbers. 

The energy balance can be formulated in terms of temperature for phase 𝛽 as follows 

(Miller et al. 1998a): 
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𝜕(𝜙𝑆𝛽𝑐𝛽𝑇𝛽)

𝜕𝑡
=  𝛻. (𝐽𝛽

𝑇 + 𝜙𝑆𝛽𝑐𝛽𝑇𝛽𝑞𝛽) + 𝑅𝛽
𝑇 + 휁𝛽

𝑇 + 𝑆𝛽
𝑇 (4.3) 

where 𝑇 shows temperature and superscript 𝑇 shows that a parameter is temperature dependant, 

𝛽 is the phase, 𝑐 is the specific heat, 𝐽 is the dispersive-conductive energy transport, 𝑅 is the net 

energy produced in the geochemical reactions, 휁 is the energy exchange through interfaces, and 

𝑆 denotes the energy exchange with other energy sources. 

4.2.1 Advection 

The advection process is defined as the transport of the solutes due to the bulk motion (Mackenzie 

2005). The advective transport can simply be represented by Darcy’s law as follows: 

𝑞𝛽 = −𝑘
𝑘𝑟𝛽

𝜇𝛽
∇(𝑃𝛽 − 𝜌𝛽𝑔𝑧) (4.4) 

where 𝛽 shows the phase which can either be liquid, 𝑙, or gas, 𝑔 , 𝑃𝛽 is the pressure (𝑃𝑎), 𝜇𝛽 is 

the viscosity (𝑘𝑔/(𝑚. 𝑠)), 𝑘 is the absolute permeability (𝑚2), 𝑘𝑟𝛽 is the relative permeability and 

𝑔 is the gravitational acceleration (𝑚/𝑠2). Darcy’s equation is based on the single phase flow at 

low Reynolds numbers, although at higher Reynolds numbers the Forchheimer’s equation can be 

used as an appropriate alternative (Miller et al. 1998a). For a two-phase system, the pressure of 

the liquid phase is related to the gas phase through the following equation (Clark 1969): 

𝑃𝑐 = 𝑃𝑛𝑤 − 𝑃𝑤 (4.5) 

where 𝑃𝑐 is the capillary pressure, and 𝑃𝑛𝑤 and 𝑃𝑤 are the pressures of non-wetting and wetting 

phase, respectively. Both the relative permeability and capillary pressure are functions of the 

phase saturation, the displacement process, temperature, and the intrinsic properties of the rock 

and fluid phases. The value of the 𝑃𝑐 is also a function of the interfacial tension between two 

phases based on the Young-Laplace equation (Fanchi 2006): 

𝑃𝑐 =
2𝜎𝑖𝑛𝑡𝑐𝑜𝑠휃

𝑟
 (4.6) 

where 𝜎𝑖𝑛𝑡 is the interfacial tension, 𝑟 is the effective radius of the interface showing the 

dependency on the pore size distribution, and 휃 is the wetting angle. The value of the interfacial 

tension for gas-oil systems can be determined based on the equations developed by Weinaug 

and Katz (1943). For oil-water and gas-water systems, the surface tension can be calculated 

using the method of Firoozabadi and Ramey (1988). 

Either the Brooks-Corey (BC) or Van Genuchten (VG) methods are widely used to 

characterise the relationship between the phase saturation and the capillary pressure. The 

relationship between the relative permeability and the phase saturation can be explained by 

Mualem, Burdine, or Corey’s equations (Oostrom et al. 2016, Burnside and Naylor 2014, Mori, 

Trevisan, and Illangasekare 2015, Bachu 2013) although these equations need to be modified 
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based on the experimental data to improve the precision of the prediction. Nevertheless, the 

values of the relative permeability and the  capillary pressure can also be calculated based on the 

experiments conducted on the field samples (Bennion and Bachu 2006a, 2005, 2010, 2008, 2007, 

2006b). 

4.2.2 Diffusion-dispersion 

The diffusion process is the transfer of molecules from one location with higher concentrations to 

another location with lower concentration due to random molecular motion (Crank 1975). The 

dispersion process is spreading due to heterogeneities within the microscopic scale. Indeed, a 

fluid encounters an irregular porous medium in terms of the pore size distribution resulting in the 

variation of the velocity from pore to pore. Another reason for the dispersion is the action of the 

turbulent flow. Sometimes the terms diffusion and dispersion are used interchangeably (Singh 

and Hager 2013). The first Fick’s law is usually used to characterise the diffusion-dispersion 

phenomenon as follows: 

𝐽𝑗𝛽 = −𝐷𝑗𝛽
∗ 𝛻𝐶𝑗𝛽 (4.7) 

where 𝐽𝑗𝛽 is the flux due to the diffusion-dispersion, 𝐷𝑗𝛽
∗  and 𝐶𝑗𝛽 are the diffusion coefficient and 

the concentration of component 𝑗 in the phase 𝛽, respectively. 𝐷𝑗𝛽
∗  is a tensor which is a function 

of the type of the porous medium and the fluid velocity as follows (Benjamin and Lawler 2013): 

𝐷𝑗𝛽
∗ = 𝐷𝑗𝛽 + 𝜖𝑗𝛽 (4.8) 

where 𝐷𝑗𝛽 and 𝜖𝑗𝛽 are the effective diffusion and dispersion coefficients of component 𝑗 in the 

phase 𝛽, respectively. For a porous medium the value of the effective diffusion coefficient, 𝐷𝑗𝛽, is 

between 0.6 and 0.7 of the molecular diffusion coefficient, 𝐷𝑗𝛽
0 , which is measured in the absence 

of the porous medium (Perkins and Johnston 1963). The following equation shows the 

relationship between the molecular diffusion coefficient and the effective diffusion coefficient: 

𝐷𝑗𝛽

𝐷𝑗𝛽
0 =

1

𝐹𝜙
 (4.9) 

where 𝐹 is the formation electrical resistivity and 𝜙 is the porosity. Although, the diffusion 

coefficient in Eq. (4.9) can also be represented in term of tortuosity as follows: 

𝐷𝑗𝛽

𝐷𝑗𝛽
0 =

1

𝜏
 (4.10) 

where 𝜏 is the tortuosity. The diffusion coefficient of a molecule in a liquid is a function of 

temperature and viscosity which can be calculated based on the Stokes-Einstein equation as: 
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𝐷 =
𝑘𝑇

6𝜋𝜇𝑟
 (4.11) 

𝐷 is the diffusion coefficient of a molecule in liquids, 𝜇 is the solvent viscosity, 𝑇 is the 

temperature, 𝑟 is the radius of the diffusing particle, and 𝑘 is the Boltzmann constant. This 

equation is usually considered as a standard to which other methods are compared (Kuhn, 

Försterling, and Waldeck 2009, Cussler 1997). Based on the Chapman-Enskog theory, the 

diffusion coefficient of a molecule in an ideal gas is a function of the pressure , 𝑃, and temperature, 

𝑇, as follows (Cussler 1997): 

𝐷 ∝
𝑇
3
2

𝑃
 (4.12) 

In multicomponent systems where the concentration of the other species is significant, 

the mass flux of a species will also be a function of the interactions between each pair of species, 

also including the molecules from the same species. Based on the generalized Fick’s law one 

can obtain the following (Taylor and Krishna 1993, Bird and Klingenberg 2013, Medvedev 2005): 

𝐽𝑖 = −𝐶𝑡∑𝐷𝑖𝑘∇𝑥𝑖

𝑛−1

𝑘=1

 (4.13) 

where 𝐽𝑖 is the mass flux of the component, 𝑖, 𝐷𝑖𝑘 is the multicomponent diffusion coefficient, 𝑐𝑡 is 

the total molar concentration of mixture, 𝑛 is the number of components, and 𝑥𝑖 is the mole fraction 

of the component, 𝑖. 

Depending on the direction of the dispersion, the mass species is divided into the 

longitudinal dispersion and the transverse dispersion, respectively. The longitudinal dispersion 

stands for the streamwise dispersion and the transverse shows the cross flow. Therefore, the 

diffusion coefficient in Eq. (4.8) can be rewritten as: 

𝐷𝑗𝛽𝐿
∗ = 𝐷𝑗𝛽 + 𝜖𝑗𝛽𝐿 (4.14) 

𝐷𝑗𝛽𝑇
∗ = 𝐷𝑗𝛽 + 𝜖𝑗𝛽𝑇 (4.15) 

where 𝐷𝑗𝛽𝐿
∗  and 𝐷𝑗𝛽𝑇

∗  show the longitudinal and the transverse diffusion coefficients, respectively. 

𝜖𝑗𝛽𝐿 and 𝜖𝑗𝛽𝑇 are the longitudinal and transverse dispersion coefficients, respectively, which can 

be expressed as: 

𝜖𝑗𝛽𝐿 = 𝛼𝑗𝐿𝑞𝛽
𝑛 (4.16) 

𝜖𝑗𝛽𝑇 = 𝛼𝑗𝑇𝑞𝛽
𝑛 (4.17) 

where 𝛼𝑗𝐿 and 𝛼𝑗𝑇 are the longitudinal and the transverse dispersivities. The values of the 

dispersivity coefficient are functions of the Peclet and Schmidt numbers (Delgado 2007). 
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4.3 Reactions in porous media 

Generally, phase, 𝛽, can be classified into as a nonaqueous phase liquid (NAPL), an aqueous 

phase, a gas phase, and solid phase, although other phase forms are also probable. Chemical 

reactions within these phases and their interphases are controlled thermodynamically or 

kinetically. The reactions that progress considerably rapidly are controlled thermodynamically; in 

this case, they can be accounted for based on their equilibrium constants. The slow reactions are 

controlled kinetically. In fact, they follow a form of rate law depending on the type of the reactions 

(Steefel et al. 2015, Xu et al. 2004). This assumption simplifies the application of the numerical 

simulations. The reaction rate between the solid and the liquid phase can be characterised using 

the transition state theory as follows (Aagaard and Helgeson 1982): 

𝑅𝑚 = −𝐴𝑚 ∑ 𝑘𝑗𝑎𝐻+
(𝑛
𝐻+

)
𝑗 (Π𝑎

𝑖

(𝑛𝑖)𝑗)(1 − (
𝐼𝐴𝑃𝑗

𝐾𝑒𝑞𝑗
)

𝑚1𝑗

)

𝑚2𝑗
𝑁𝑀−𝐿

𝑗=1

 (4.18) 

where 𝑅𝑚 is the rate of the dissolution (𝑅𝑚 < 0) or the precipitation (𝑅𝑚 > 0) of the mineral 

component, 𝑚, in the solid phase in 𝑚𝑜𝑙/𝑠, 𝐴𝑚 is the reactive surface of the mineral, in 𝑚2, 𝑁𝑀−𝐿 

is the number of the reactions involving the component, 𝑚, 𝑘𝑗 is the rate constant of the reaction, 

𝑗, in 𝑚𝑜𝑙/(𝑚2. 𝑠), 𝑎𝐻+ is the activity of Hydrogen ion and the term 𝑎
𝐻+

(𝑛
𝐻+

)
𝑗
 is applied to show the 

rate dependency of reaction, 𝑗, on the pH, 𝑎𝑖 is the activity of the species, 𝑖, in the liquid phase, 

Π𝑎
𝑖

(𝑛𝑖)𝑗
 is applied to consider the catalytic/inhibitory effect of species in the liquid phase on the 

reaction, 𝑗, (Dávila et al. 2016), 𝐼𝐴𝑃𝑗 is the ionic activity product of the reaction, 𝑗. 𝐾𝑒𝑞𝑗 is the 

equilibrium constant for the reaction, 𝑗. 𝐾𝑒𝑞 is also referred to as either the solubility product or 

the thermodynamic solubility product corresponding to the dissolution or the precipitation of 

minerals shown by 𝐾𝑠𝑝 in the literature. 𝑚1𝑗
 and 𝑚2𝑗

 are parameters characterising the 

dependency of the reaction, 𝑗, on the saturation index (SI) which is equal to 𝑙𝑜𝑔(𝐼𝐴𝑃𝑗/𝐾𝑒𝑞𝑗). 

The reaction rate constant, 𝑘𝑗, is a temperature dependant parameter characterised by 

using the Arrhenius equation as follows (Kotz, Treichel, and Townsend 2009): 

𝑘𝑗 = 𝐴𝑗𝑒
−
𝐸𝑎𝑗
𝑅𝑇  (4.19) 

where 𝑅 is the gas constant which is equal to 8.314510 𝐽/(𝐾.𝑚𝑜𝑙), 𝑇 is the temperature in  Kelvin, 

𝐾, 𝐴𝑗 is the frequency factor for the reaction, 𝑗, with the same unit as 𝑘, and 𝐸𝑎𝑗 is the activation 

energy in 𝑗/𝑚𝑜𝑙 for the reaction, 𝑗. 

𝐾𝑒𝑞 is the equilibrium constant which remains unchanged under constant temperature 

and pressure. Based on the van’t Hoff equation, the change in the value of 𝐾𝑒𝑞 against 

temperature under a constant pressure condition can be formulated as follows: 

https://en.wikipedia.org/wiki/Arrhenius_equation
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(
𝜕(𝑙𝑛𝐾𝑒𝑞)

𝜕𝑇
)
𝑝

=
∆𝐻𝑟

°

𝑅𝑇2
 (4.20) 

where, ∆𝐻𝑟
° is the standard enthalpy change in the reaction. This relationship is valid within a short 

deviation from the standard temperature due to the assumption that ∆𝐻𝑟
° is independent of 

temperature. The solubility of CO2 in water versus temperature is not linear and this behaviour 

changes with alteration in the governing pressure (Duan and Sun 2003). Although the effect of 

pressure on the solid and aqueous phases is negligible in the range of the applied pressures in 

the industry, for reactions which involve the production of gaseous phase the role of pressure 

becomes significant. This is due to its direct effect on the concentration of the species in the 

gaseous phase. This dependency is as follows (Blandamer et al. 1982): 

(
𝜕(𝑙𝑛𝐾𝑒𝑞)

𝜕𝑃
)
𝑇

=
−∆𝑉𝑟

°

𝑅𝑇
 (4.21) 

where ∆𝑉𝑟
° is the changes in the molar volume under the standard conditions. 

4.3.1 Primary and secondary species 

All or some of the species involved in a reaction also participate in other ongoing reactions. This 

results in a dependency of reactions on each other. This phenomenon is of great importance, 

especially in the aqueous phase where the reactants or the products from a reaction could affect 

other reactions. To simplify a geochemical system including the aqueous and the solid phases, 

𝑁𝑐 independent aqueous species are considered as the primary species. In fact, the primary 

species are the basic species on which the secondary species are built by combining them. 

Secondary species include the aqueous complexes, the precipitated minerals, and the gaseous 

species. Any secondary species can be represented as follows (Steefel and Lasaga 1994, Reed 

1982, Xu et al. 2004, Steefel Carl I. 2009): 

𝑆𝑖 ⇄∑𝜗𝑖𝑗𝑆𝑗,                          𝑖 = 1,… ,𝑁𝑟 ,

𝑁𝑐

𝑗=1

 (4.22) 

where 𝑁𝑟 is the number of the reactions which is equal to the number of the secondary species, 

𝑆 is the chemical species, 𝑗 is the index showing the primary species, 𝑖 is the index of the 

secondary species, 𝜗𝑖𝑗 is the stoichiometric coefficient of the primary species, 𝑗, in the reaction of 

𝑖. The number of primary species,  𝑁𝑐, can be obtained from subtracting the number of reactions, 

𝑁𝑟, from the total number of involved species, 𝑁𝑡𝑜𝑡.  

Most of the time, the non-aqueous and gas phase are also present within the pore of the CO2 

storage sites depending on the type of underground formations. Depleted oil and gas reservoirs 

are one of the main CO2 sites containing a non-aqueous liquid phase, aqueous phase, and gas 

phase. Aquifers are almost dominated by brine which is an aqueous phase. Therefore, three main 
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fluid phases and a solid phase are expected to participate in the reactions. Depending on the 

wettability of the porous medium, different phases will cover the surfaces of the pores. 

4.3.1.1 Characterisation of reactions in the aqueous phase 

As reactions within the aqueous phase are fast and can be considered to be in equilibrium, 

therefore the concentration of aqueous complexes can be obtained as follows: 

𝐶𝑖 = 𝐾𝑒𝑞𝑖𝛾𝑖
−1∏(𝐶𝑗𝛾𝑗)

𝜗𝑖𝑗  

𝑁𝑐

𝑗=1

 (4.23) 

where 𝐶𝑖 is the molal concentration of complex, 𝑖, 𝐾𝑒𝑞𝑖 is the equilibrium constant of the reaction, 

𝑖, 𝛾𝑖 is the activity of the aqueous complex, 𝑖, 𝐶𝑗 and 𝛾𝑗 are the molal concentration and the activity 

of the primary aqueous species, 𝑗, repectively. 𝜗𝑖𝑗 shows the stoichiometric coefficient of the 

primary species, 𝑗, in the reaction 𝑖. 

4.3.1.2 Characterisation of dissolution/precipitation reactions 

The reaction between the solid phase and the aqueous phase is a function of the saturation index 

(SI) as shown in Eq. (4.18). The SI shows the saturation state of an aqueous phase in contact 

with the mineral phase (Merkel, Planer-Friedrich, and Nordstrom 2008). In this case, the 

parameter 𝐼𝐴𝑃𝑚 (ionic activity product of the mineral phase, 𝑚) can be explained in terms of the 

primary species as follows: 

𝐼𝐴𝑃𝑚 =∏(𝐶𝑗𝛾𝑗)
𝜗𝑚𝑗

𝑁𝑐

𝑗=1

 
(4.24) 

where 𝐶𝑗 and 𝛾𝑗 are the molal concentration and the activity coefficient of the primary aqueous 

species, 𝑗, respectively, and 𝜗𝑚𝑗 is the stoichiometric coefficient of the primary species, 𝑗, in the 

reaction, 𝑚, describing a precipitation or dissolution reaction.  

As these types of reactions are not fast enough, therefore their kinetic should be 

considered as shown by Eq. (4.18). 

4.3.1.3 Characterization of reactions between the aqueous and gaseous phases 

The equilibrium between the aqueous and the gaseous phase can be considered as follows: 

𝑓𝑔 = 𝐾𝑒𝑞𝑔
−1 ∏(𝐶𝑗𝛾𝑗)

𝜗𝑔𝑗

𝑁𝑐

𝑗=1

 (4.25) 

𝑓𝑔 is the fugacity of the gas which shows its non-ideal behaviour of gas, 𝑔, 𝜗𝑔𝑗 is the stoichiometric 

coefficient of the primary species, 𝑗, in the reaction, 𝑔, 𝐾𝑒𝑞𝑔 is the equilibrium constant of the 

reaction which involves the gas, 𝑔, as a product or reactant which can be calculated as follows 

(Ralph H. Petrucci, Harwood, and Herring 2002): 



 

105 
 

𝐾𝑒𝑞𝑔 = 𝑅𝑇𝐾𝑒𝑞 (4.26) 

where 𝑅 is the gas constant, and 𝑇 is the temperature in Kelvin, 𝐾, and 𝐾𝑒𝑞 is the equilibrium 

constant only calculated based the molal concentrations for the reaction which involves gas, 𝑔. 

4.3.1.4 Interactions within the non-aqueous phase liquid (NAPL) and other phases 

Depleted oil and gas reservoirs are potential candidates for CCS projects (Onoja and Shariatipour 

2018). Usually, the residual non-aqueous phase liquid (NAPL) can be found within the pores of 

the formations in depleted oil reservoirs. The injected CO2 will dissolve in any residual oil, 

depending on the temperature and pressure found in the underground formations. The dissolution 

of CO2 in the oil affects the physical properties of the oil, such as viscosity (Barclay and Mishra 

2016, Emera and Sarma 2007, Rostami et al. 2017, Mulliken and Sandler 1980).  

The interaction of oil (i.e., as the most prominent NAPL component in depleted oil 

reservoirs) and CO2 has been studied mostly in terms of miscibility (Perera et al. 2016) although 

some degree of reactions between the NAPL and the phases present is always expected. The 

reaction of NAPL with other phases can be characterised based on the mass action law (such as 

the equations for the aqueous phase) using the parameters obtained from experiments. One of 

the main consequences of CO2 injection is a change in the rock wettability which may either 

enhance or reduce the surface fraction of porous media exposed to CO2-saturated brine (Iglauer, 

Pentland, and Busch 2015). 

4.4 Interphase mass transfer 

Based on the boundary conditions, theoretical treatments, namely, boundary layer theory, film 

theory, surface renewal theory, and penetration theory, were developed to explain the interphase 

mass transfer. The interphase mass transfer depends on the difference between the current state 

of the system and its equilibrium state in terms of the species concentrations. Therefore, one can 

formulate the mass transfer between the two phases using the following equation (Agaoglu et al. 

2015): 

𝜕𝑀

𝜕𝑡
= 𝑘𝑓𝐴(𝐶𝑠 − 𝐶) 

(4.27) 

where 𝑀 is the solute mass transfer between phases in 𝑚𝑜𝑙/𝑠, 𝐶 is the molal concentration of the 

solute, 𝐴 is the absolute interfacial area (𝑚2), 𝑘𝑓 is the mass transfer coefficient in 𝑚/𝑠. The 

interfacial surface area is a key parameter which is a function of the phase distribution and pore 

space geometry. The mass transfer is also affected by the shape of the pore size distribution 

through different mechanisms such as entrapment, interfacial areas, and flow field. Another 

important parameter is the wettability of porous media which influences the flow paths and the 

interfacial domains. The wettability is vulnerable to change during the mass transfer making the 

problem more complex. Ionic strength, wettability, and aging are parameters where their effects 

on the mass transfer have been vastly ignored. Furthermore, flow instability also affects the 
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interfacial areas to a great extent although this problem can be solved using fine spatially variable 

parameters at the expense of computational complexity (Agaoglu et al. 2015). 

4.4.1 Liquid-gas interphase mass transfer 

It is recognised that the concentration gradient between the phases drives the mechanisms of 

phase transfer. This process continues until the chemical potential of each component in all 

phases becomes equal. This process can be characterised using the equilibrium ratio for the gas-

liquid equilibrium defined as: 

𝐾𝑖 =
𝑦𝑖
𝑥𝑖
=
∅𝑖
𝐿

∅𝑖
𝐺 (4.28) 

where 𝐾𝑖 is the equilibrium ratio, 𝑦𝑖 and 𝑥𝑖 are the mole fractions of the component, 𝑖, in the gas 

phase and the liquid phase, respectively. ∅𝑖
𝐿 and ∅𝑖

𝐺 are the fugacity coefficients of the liquid and 

gas phases, respectively (Ahmed 2009, Duan and Sun 2003). The fugacity coefficient of a 

component in the gas or liquid phase is a function of pressure, temperature, and its concertation. 

This coefficient can be calculated using either the developed correlations, equation of state 

(EOS), or EOS-activity coefficient method. 

4.4.2 NAPL-aqueous interphase mass transfer 

The mass transfer between the NAPL and an aqueous phase has not been developed 

significantly compared to the aqueous-solid state. At least ten non-dimensional parameters are 

required to characterise the NAPL-aqueous interphase mass transfer. The other problem with the 

modelling of the NAPL-aqueous interphase mass transfer is that the non-equilibrium state is 

intensified due to the heterogeneous nature of the fields (Miller et al. 1998b, 1998a). Some 

empirical models have been developed to model NAPL-aqueous interphase mass transfer such 

as the following model (Miller, Poirier-McNeil, and Mayer 1990): 

𝑆ℎ = 12(𝜙 − 휃)𝑅𝑒0.75휃0.60𝑆𝑐0.5 (4.29) 

where 𝑆ℎ is the Sherwood number which shows the ratio of the convective mass transfer to the 

diffusive mass transport, 𝜙 is the porosity, 휃 is the volume fraction of NAPL, 𝑅𝑒 is the Reynold’s 

number of the aqueous phase, 𝑆𝑐 is Schmidt number of the aqueous phase. 

4.5 Alteration in the properties of the porous medium 

With time, the physical and chemical properties of the porous medium alter due to the 

geochemical reactions with the pore fluids. The following outlines the most prominent properties 

of a porous medium incur the alteration. 

4.5.1 Porosity 

The porosity of the medium after geochemical alteration can be obtained as follows (Steefel et al. 

2015, Xu et al. 2004): 
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𝜙 = 1 −∑𝑓𝑟𝑖

𝑁𝑚

𝑖=1

 
(4.30) 

where 𝑁𝑚 is the number of minerals composing the solid phase of the porous medium, 𝑓𝑟𝑖 is the 

volume fraction of the mineral, 𝑖. 

4.5.2 Permeability 

The permeability of the matrix can be updated after any geochemical reaction using the Carman-

Kozeny equation as follows (Nield and Bejan 2006): 

𝑘 = 𝑘𝑖 (
𝜙

𝜙𝑖
 )
3 (1 − 𝜙𝑖)

2

(1 − 𝜙)2
 (4.31) 

where, 𝜙𝑖 and 𝑘𝑖 are the initial porosity and permeability, respectively. The permeability for a 

fracture with parallel planes with the uniform aperture can also be calculated as (Steefel and 

Lasaga 1994): 

𝑘 = 𝑘𝑖 (
𝜙

𝜙𝑖
)
3

 (4.32) 

4.5.3 Mineral surface area 

With time, the surface area of the minerals changes due to geochemical and geomechanical 

alteration within the porous medium. The mineral surface area, 𝐴𝑚, is mostly affected by the 

processes of precipitation and dissolution, respectively, which can be formulated as (Steefel Carl 

I. 2009, Dávila et al. 2016): 

For precipitation: 

𝐴 = 𝐴𝑖 (
𝜙

𝜙𝑖
 )

2
3
 (4.33) 

For dissolution: 

𝐴 = 𝐴𝑖 (
𝜙

𝜙𝑖
 )

2
3
(
𝑓𝑟

𝑓𝑟𝑖
 )

2
3
 

(4.34) 

where 𝐴𝑖 and 𝐴 are the mineral surface areas of a mineral prior to and after reactions in 

𝑚𝑚𝑖𝑛𝑒𝑟𝑎𝑙
2 /𝑚𝑏𝑢𝑙𝑘

3 , respectively.  

4.5.4 Capillary pressure 

The capillary pressure as a function of the porosity and permeability undergoes a change which 

for an unsaturated porous media can be characterised based on the Levert function (1941): 

𝑃𝑐 = 𝑃𝑐𝑖 (
𝜙𝑘𝑖
𝜙𝑖𝑘

)
0.5

 (4.35) 

where, 𝑃𝑐𝑖 is the capillary pressure prior to the chemical alteration of the porous medium. 
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4.6 Using RTM to predict the alteration of cement matrix in the context of CO2 geological 

storage  

Depleted oil and gas reservoirs are potential candidates for CO2 storage as a part of a CCS 

initiative. Due to the plethora of information gathered on their performance and structure during 

the periods of exploration and production, respectively, they are exceedingly well-understood 

underground formations. One of the problems raised with the viability of CCS projects is potential 

CO2 leakage to the Earth’s surface. This phenomenon has the potential to compromise all the 

invested time and expense of a CCS initiative; moreover, the uncontrolled release of the gas at 

the surface jeopardises the environment. The drilled wells are the main connections between the 

hydrocarbon reservoirs and the Earth’s surface. Any defects within the cement that is used for 

the well core or the cap following the end of production could be converted to a potential leakage 

pathway once exposed to the CO2 plume (Bagheri, Shariatipour, and Ganjian 2018). Therefore, 

a comprehensive study on the performance of the cement matrix in CO2-rich environments is vital. 

Figure 4.1 shows the different zones which are likely to form within the cement matrix due to 

exposure to CO2-bearing fluids. Different codes, such as OpenGeoSys, GEMS, Phreeqc, have 

been developed to simulate the reactive transport within porous media. In this thesis, the 

CrunchFlow code was applied to predict the alteration in the cement matrix due to exposure to 

CO2-bearing fluids (Steefel et al. 2015).  

 

 

Figure 4.1. Simplified illustration of CCS projects and different zones formed within the well 

cement due to exposure to CO2-bearing fluids.  

4.6.1 Geochemical aspect of the radial cracking and radial compaction processes 

The initial composition and the other dominating conditions for this section are summarised in 

Section 3.4. Figure 4.2 to Figure 4.5 inclusive represent the geochemical aspect of the cement 

matrix exposure to CO2-bearing fluids for Figures 3.15-3.18, respectively. 



 

109 
 

Figure 4.2 shows the depth of the carbonation front, the volume fraction (vol%) of calcite 

within this zone, and the porosity at the depth of 2075 m, and at the different values of cement 

sheath thicknesses and in-situ horizontal stresses. The maximum and minimum values in Figure 

4.2 are summarised in Table 4.2. The radial cracking is the active process investigated in Figure 

4.2.  

It can be observed that the depth of the carbonation front increases during the first year 

after being exposed to CO2-bearing fluids and afterwards remains constant. The fluctuations in 

the profile of the porosity and the volume (vol)% of calcite mostly occurs during the first year. 

Within this period of time, the depth of carbonation front and its vol% is not enough to withstand 

the harsh conditions in CO2-rich environments. Therefore, the precipitated calcite at zones close 

to the cement-brine interface will be readily degraded. In addition, the radial cracking process 

helps the degradation process.  

Calcium is leached out from the outermost layers of the cement sheath. The carbonation 

front moves deeper into the cement sheath where it remains safe from the destructive effects of 

the radial cracking process. Moreover, CO2-bearing fluids will be less effective within the cement 

sheath due to the extremely low permeability of the cement matrices and the low-rate nature of 

the diffusion process. The trends in Figure 4.2 indicate that the thickness of the cement sheath is 

more determinative of their shapes than the magnitude of the in-situ horizontal stress. Table 4.1 

confirms, as an approximation, that the depth of the carbonation front decreases with increasing 

ratio of cement sheath thickness to its inside radius, 𝑡/𝑟. The interval of vol% of calcite (Min. to 

Max.) relocates towards lower values, while this interval exhibits a transfer towards higher values 

for the profile of porosity with increasing 𝑡/𝑟 (Table 4.1).  

At the lower 𝑡/𝑟 values the quantity of the calcium bearing contents (Portlandite and C-

S-H) is lower than for higher ones. This implies that the in case of exposure to an indefinite source 

of CO2-bearing fluids, the thin cement sheathes would provide less freed calcium at the cement-

brine interface. Therefore, CO2-bearing fluids intrudes deeper into the thin cement sheathes until 

they are blocked by the low-porosity calcite precipitation zone. Although calcite precipitates close 

to the cement-brine interface within thick cement sheathes, this zone is more under the influence 

of the CO2-rich environment compared to the deeper carbonation fronts. Therefore, shallow 

carbonation fronts are more susceptible to degradation. This denotes the re-dissolution of calcite 

within these zones which results in a decrease in the interval of the vol% of calcite and an increase 

in the porosity value with increasing 𝑡/𝑟.  

Figure 4.3 also confirms that the effect of the cement sheath thickness is more apparent 

than the depth of the CO2 storage sites. Figure 4.3 and Figure 4.2 share the same perception on 

the effect of the 𝑡/𝑟 on the ingress of the carbonation front. It can be understood from Table 4.2 

that with increasing 𝑡/𝑟 the interval of the vol% of calcite (Min. to Max.) shifts downwards, while 

for the prorosity this interval displaces upwards, similar to that is perceived from Table 4.1. 
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Figure 4.2. The ingress of the carbonation front into the cement sheath, the volume fraction of 

calcite, and the porosity within this zone. The depth is 2075 m, and the radial cracking process is 

assumed to be the active process. 𝑡/𝑟 is the ratio of the cement sheath thickness over its inside 

radius. 𝜎𝑅 is the in-situ horizontal stress pressurising the cement sheath from the surrounding 

formation. The carbonation front is defined as the location with the maximum vol% of calcite within 

the cement sheath. Please, refer to Table 4.1 to see the maximum and minimum values for each 

of the curves in subfigures (a) to (y). 
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Table 4.1. The values of the maximum and minimum for the ingress of the carbonation front into 

the cement sheath, the volume fraction of calcite, and the porosity within this zone reported in 

Figure 4.2. 

Index in Figure 4.2 
Maximum depth of carbonation 

front (mm) 

Vol% of CaCO3 in calcite 

precipitation zone 

𝝓 in calcite precipitation 

zone 

Min. Max. Min. Max. 

a 1.05 0.157343 0.710185 0.055957 0.131463 

b 0.91 0.145985 0.683274 0.0761 0.139473 

c 0.63 0.145432 0.672833 0.08922 0.15965 

d 0.58 0.10951 0.663875 0.10045 0.170371 

e 0.74 0.071769 0.652778 0.109631 0.188933 

f 1.05 0.1572 0.710328 0.056147 0.13329 

g 0.91 0.145851 0.68407 0.076191 0.141132 

h 0.84 0.145301 0.671052 0.08904 0.17515 

i 0.58 0.109408 0.664088 0.100931 0.172173 

j 0.74 0.071699 0.652839 0.109809 0.190988 

k 1.1 0.157058 0.710001 0.056122 0.13282 

l 0.91 0.145717 0.684078 0.076493 0.147044 

m 0.84 0.14517 0.671086 0.08977 0.173451 

n 0.58 0.109305 0.664117 0.100986 0.174034 

o 0.74 0.07163 0.653375 0.110163 0.193456 

p 1.1 0.156915 0.71026 0.056312 0.132946 

q 0.91 0.145583 0.68428 0.076697 0.142356 

r 0.84 0.145038 0.670756 0.089701 0.174056 

s 0.58 0.109203 0.663721 0.101192 0.165417 

t 0.74 0.071561 0.653004 0.110358 0.196734 

u 1.1 0.156773 0.710387 0.056439 0.133421 

v 0.91 0.145449 0.68301 0.076489 0.145041 

w 0.84 0.144907 0.671148 0.089883 0.175091 

x 0.87 0.109101 0.660233 0.100721 0.178459 

y 0.74 0.071491 0.653175 0.110366 0.189196 
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Figure 4.3. The ingress of the carbonation front into the cement sheath, the volume fraction of 

calcite, and the porosity within this zone. The depth changes from 800-2500 m, and the radial 

cracking process is assumed to be the active process. 𝑡/𝑟 is the ratio of the cement sheath 

thickness over its inside radius. 𝜎𝑅 is the in-situ horizontal stress pressurising the cement sheath 

from the surrounding formation calculated using Eq. (3.1) which is a function of the depth. The 

carbonation front is defined as the location with the maximum vol% of calcite within the cement 

sheath. Please, refer to Table 4.2 to see the maximum and minimum values for each of the curves 

in subfigures (a) to (y). 
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Table 4.2. The values of the maximum and minimum for the ingress of the carbonation front into 

the cement sheath, the volume fraction of calcite, and the porosity within this zone reported in 

Figure 4.3. 

Index in Figure 4.3 
Maximum depth of carbonation 

front (mm) 

Vol% of CaCO3 in calcite 

precipitation zone 

𝝓 in calcite precipitation 

zone 

Min. Max. Min. Max. 

a 1.05 0.157243 0.702457 0.055913 0.132693 

b 0.91 0.145889 0.676977 0.076063 0.140037 

c 0.84 0.145338 0.664397 0.089018 0.174852 

d 0.58 0.109436 0.65888 0.100491 0.171749 

e 0.74 0.071718 0.646379 0.109693 0.190501 

f 1.1 0.157092 0.703011 0.056085 0.132389 

g 0.91 0.145748 0.677834 0.076461 0.146145 

h 0.84 0.1452 0.66501 0.089451 0.164365 

i 0.58 0.109329 0.657935 0.100966 0.173661 

j 0.74 0.071646 0.647059 0.109878 0.192997 

k 1.1 0.156935 0.704175 0.056208 0.133519 

l 0.91 0.145601 0.678027 0.076485 0.15004 

m 0.84 0.145056 0.664454 0.089692 0.173913 

n 0.58 0.109216 0.657923 0.100988 0.165237 

o 0.74 0.07157 0.646419 0.110215 0.196334 

p 1.1 0.156773 0.704407 0.056439 0.133421 

q 0.91 0.145449 0.676798 0.076489 0.145041 

r 0.84 0.144907 0.664804 0.089883 0.175091 

s 0.87 0.109101 0.653397 0.100721 0.178459 

t 0.74 0.071491 0.646241 0.110366 0.189196 

u 1.1 0.156606 0.70368 0.056519 0.134305 

v 0.91 0.145294 0.677762 0.076894 0.143547 

w 0.84 0.144755 0.664507 0.09032 0.160144 

x 0.87 0.108982 0.652763 0.101213 0.180977 

y 0.74 0.071411 0.645632 0.110864 0.193124 
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The effect of the radial compaction process on the ingress of the carbonation front in the 

cement sheath is illustrated in Figure 4.4 and Figure 4.5 at different depths and in-situ horizontal 

stresses, respectively. The maximum and minimum for each of the profile of the carbonation front, 

the vol% of calcite, and the porosity within this zone in Figure 4.4 and Figure 4.5 are reported in 

Table 4.3 and Table 4.4, respectively.  

Figure 4.4 and Figure 4.5 show that at a porosity of compacted layers (PoC) value of 

0.0075, the depth of carbonation front remains constant, while the porosity and the vol% of calcite 

decreases during the five years following exposure to CO2-bearing fluids. The extremely low 

porosity of compacted layers prevents any further movement of CO2-bearing fluids into the 

cement sheath. The initial exposure of the cement sheath to the harsh conditions within CO2-rich 

environments results in the degradation of the outermost layers and the formation of a calcite 

precipitation zone at a specific depth within the cement sheath. Once the loosened layers are 

compacted due to the burdened in-situ horizontal stress, the permeation of pore fluids in/out of 

the cement sheath will be significantly limited. Therefore, the calcium leaching from Portlandite 

deep within the cement sheath will cease. The rate of calcium deposition within the calcite 

precipitation zone decreases whilst it is still in contact with a CO2-rich environment at its outer 

face. The depth of the carbonation front remains constant, and the vol% of calcite slightly 

decreases. The decrease in the porosity at the PoC of 0.0075 is mostly due to the compressive 

nature of the burdened stresses. Even at an in-situ horizontal stress of zero and the PoC of 0.0075 

in Figure 4.5, the porosity decreases. This is due to the precipitation of aqueous SiO2 (aq) at this 

interfacial transition zone which is freed in the presence of excessive CO2-bearing fluids. 

At a PoC of 0.0375 in Figure 4.4, the porosity decreases. In contrast, the vol% of calcite 

increases following a change in the depth of the carbonation front which moves closer to the 

cement-brine interface. This implies the dominance of the combined effects of calcite precipitation 

and compressive stresses on decreasing the porosity. This behaviour is the same, as seen in 

Figure 4.5, at the PoC of 0.0375. The depth of the carbonation front is subject to change, as seen 

in Figure 4.4 and Figure 4.5, because this front is assumed to be the location with the maximum 

vol% of calcite precipitation within the cement sheath. The vol% of calcite increases at all values 

of POCs except at the PoC of 0.0075.  

The depth of the carbonation front, the vol% of calcite, and porosity in general becomes 

steady after 2.5 years for all PoCs except at the PoC of 0.0075, as seen in Figure 4.4 and Figure 

4.5. The behaviour of curves in Figure 4.4 (c) is similar to curves at a PoC of 0.0375 in Figure 4.4. 

At PoCs greater than 0.0375, the porosity and the vol% of calcite increase in less than 2.5 years. 

With increasing PoC the transportation of calcium bearing fluids outwards is facilitated. The 

degradation process is accelerated at the calcite precipitation zone by dissolving C-S-H and 

Portlandite although the vol% of precipitated calcite simultaneously increases. This occurs due to 

higher quantities of Portlandite being leached from deep within the cement sheath. The effect of 
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the compressive stresses from the surrounding formations on porosity is strong enough to restrain 

increasing porosity. However, in some cases the depth of the carbonation front changes after 2.5 

years exposure to CO2-bearing fluids. In this state, the vol% of calcite still shows an increase 

whereas the profile of porosity and the depth of the carbonation front becomes stable.  

It can be observed from Figure 4.4 and Figure 4.5 that the shapes of ingress of the 

carbonation front into the cement sheath, the vol% of calcite, and the porosity in the calcite 

precipitation zone are strong functions of the porosity of compacted layers rather than the well 

depth and the value of the in-situ horizontal stress. It can be perceived from Table 4.3 and Table 

4.4 that the maximum porosity and calcite vol% generally increases with increasing PoC. As 

aforementioned for Figure 4.4 and Figure 4.5, the increase in PoC expedites the degradation 

process of Portlandite and C-S-H which results in an increase in the porosity. However, the 

precipitation of leached calcium from the inner parts of the cement sheath leads to an increase in 

the vol% of calcite within this zone. 
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Figure 4.4. The ingress of the carbonation front into the cement sheath, the volume fraction of 

calcite, and the porosity within this zone. The depth changes from 800-2500 m, and the radial 

compaction process is assumed to be the active process. PoC is the porosity of compacted layers. 

𝜎𝑅 is the in-situ horizontal stress pressurising the cement sheath from the surrounding formation 

calculated using Eq. (3.1) which is a function of the depth. The carbonation front is defined as the 

location with the maximum vol% of calcite within the cement sheath. Please, refer to Table 4.3 to 

see the maximum and minimum values for each of the curves in subfigures (a) to (y). 
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Table 4.3. The values of the maximum and minimum for the ingress of the carbonation front into 

the cement sheath, the volume fraction of calcite, and the porosity within this zone reported in 

Figure 4.4, the minimum depth of carbonation front is equal to zero. 

Index in Figure 4.4 
Maximum depth of carbonation 

front (mm) 

Vol% of CaCO3 in calcite 

precipitation zone 

𝝓 in calcite precipitation 

zone 

Min. Max. Min. Max. 

a 0.15 0.157243 0.163927 0.123617 0.126544 

b 0.15 0.157243 0.255045 0.029454 0.126544 

c 0.15 0.157243 0.673322 0.078316 0.16706 

d 0.15 0.157243 0.465829 0.125572 0.219777 

e 0.7 0.157243 0.468295 0.124928 0.213444 

f 0.1 0.154843 0.157364 0.126135 0.127383 

g 0.1 0.157081 0.278944 0.016497 0.128293 

h 0.2 0.157092 0.443709 0.123354 0.226073 

i 0.5 0.157092 0.461836 0.1125 0.21685 

j 0.85 0.157092 0.520411 0.123939 0.228742 

k 0.1 0.154684 0.157202 0.127014 0.128258 

l 0.1 0.156931 0.279493 0.016545 0.129614 

m 0.2 0.156935 0.43172 0.123771 0.22993 

n 0.45 0.156935 0.409987 0.127039 0.227135 

o 0.85 0.156935 0.544275 0.12457 0.228271 

p 0.1 0.154522 0.157038 0.127919 0.129159 

q 0.1 0.156773 0.280066 0.016596 0.130957 

r 0.2 0.156773 0.428333 0.124253 0.231669 

s 0.15 0.156773 0.456747 0.1125 0.236389 

t 0.2 0.156773 0.365898 0.125223 0.21208 

u 0.1 0.154354 0.156866 0.12885 0.130083 

v 0.1 0.156606 0.280654 0.01665 0.131258 

w 0.2 0.156606 0.420811 0.1248 0.234564 

x 0.1 0.156606 0.389968 0.128944 0.236233 

y 0.2 0.156606 0.366152 0.125886 0.212135 
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Figure 4.5. The ingress of the carbonation front into the cement sheath, the volume fraction of 

calcite, and the porosity within this zone. The depth is 2075 m, and the radial compaction process 

is assumed to be the active process. PoC is the porosity of compacted layers. 𝜎𝑅 is the in-situ 

horizontal stress pressurising the cement sheath from the surrounding formation. The carbonation 

front is defined as the location with the maximum vol% of calcite within the cement sheath. Please, 

refer to Table 4.4 to see the maximum and minimum values for each of the curves in subfigures 

(a) to (y). 
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Table 4.4. The values of the maximum and minimum for the ingress of the carbonation front into 

the cement sheath, the volume fraction of calcite, and the porosity within this zone reported in 

Figure 4.5, the minimum depth of carbonation front is equal to zero. 

Index in Figure 4.5 
Maximum depth of carbonation 

front (mm) 

Vol% of CaCO3 in calcite 

precipitation zone 

𝝓 in calcite precipitation 

zone 

Min. Max. Min. Max. 

a 0.1 0.155097 0.157624 0.124737 0.125992 

b 0.1 0.157326 0.2785 0.016458 0.127356 

c 0.2 0.157343 0.437305 0.122543 0.221843 

d 0.15 0.157343 0.455299 0.1125 0.227556 

e 0.85 0.157343 0.477077 0.122956 0.228426 

f 0.1 0.154954 0.157478 0.125531 0.126784 

g 0.1 0.15719 0.278887 0.016492 0.128537 

h 0.2 0.1572 0.437809 0.123023 0.224586 

i 0.15 0.1572 0.45696 0.1125 0.23023 

j 0.85 0.1572 0.52975 0.123527 0.230761 

k 0.1 0.154809 0.15733 0.126327 0.127576 

l 0.1 0.157048 0.279278 0.016526 0.128625 

m 0.2 0.157058 0.438785 0.123463 0.227048 

n 0.15 0.157058 0.454734 0.1125 0.237537 

o 0.85 0.157058 0.575167 0.121255 0.228675 

p 0.1 0.154664 0.157182 0.127123 0.128367 

q 0.1 0.156912 0.27967 0.016561 0.129797 

r 0.2 0.156915 0.431469 0.123834 0.23004 

s 0.15 0.156915 0.406477 0.127155 0.239243 

t 0.25 0.156915 0.402648 0.124655 0.232297 

u 0.1 0.154522 0.157038 0.127919 0.129159 

v 0.1 0.156773 0.280066 0.016596 0.130957 

w 0.2 0.156773 0.428333 0.124253 0.231669 

x 0.15 0.156773 0.456747 0.1125 0.236389 

y 0.2 0.156773 0.365898 0.125223 0.21208 
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4.6.2 Effect of composition and porosity 

The effect of the porosity and composition (including 𝑥𝐶𝐻 and 𝑥𝐶−𝑆−𝐻 which represent the 

composition of Portlandite and C-S-H in the solid part, respectively) at different depths with 

variation in the temperature are shown in Figure 4.6 to Figure 4.10, and the minimum and 

maximum values in these figures are summarised in Table 4.5. This section only emphasizes the 

geochemical alteration of the cement matrix and does not contribute the geomechanical 

calculations in its evolution.  

Figure 4.6 to Figure 4.10 shows that the depth of the carbonation front is stabilised 

approaching the end of five-year time period of study. Table 4.5 illustrates that the depth of the 

carbonation front increases with increasing porosity. This observation can be easily justified due 

to the deeper diffusion of CO2-bearing fluids into more porous media based on the higher effective 

diffusion coefficient which is a direct function the porosity. The covering penetration depth of the 

carbonation front (Min. to Max.) shifts downwards with increasing 𝑥𝐶𝐻. In fact, with increasing in 

𝑥𝐶𝐻 the quantity of calcium that is leached-out increases at shallower depths in the cement sheath. 

Based on this fact, the precipitation of calcium occurs closer to the cement-brine interface. The 

depth of the carbonation front decreases with increasing depth implying the effect of temperature 

on the solubility of calcium carbonate (or calcite in this thesis). The solubility of calcium carbonate 

decreases with increasing temperature leading to the formation of calcite at shallower depths 

once calcium is leached out of the cement sheath due to its contact with a high acidic environment. 

It can be deduced from Figure 4.6 to Figure 4.10 that the porosity of the calcite 

precipitation zone decreases whereas the vol% of calcite increases in this zone except at the 

porosity of 5%. At a porosity of 5%, the porosity decreases due to an increase in the vol% of SiO2 

(also referred to as silica) which is precipitated at areas close to the cement-brine interface. A 

CO2-rich environment in contact with a low-porous cement provides this opportunity for the silica 

to be washed out of C-S-H at the outermost layers of the cement sheath. In the presence of more 

CO2-bearing fluids coming into contact with the cement sheath, the aqueous SiO2 (aq) is 

dehydrated and deposited in the form of solid SiO2 (s). 
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Figure 4.6. The ingress of the carbonation front into the cement sheath, the volume fraction of calcite, and the porosity within this zone. The depth is 800 

m, and none of the radial compaction and the radial cracking processes is active. 𝑥𝐶𝐻 and 𝑥𝐶−𝑆−𝐻 are the initial volume fractions of Portlandite and calcium 

silicate hydrate in the solid part of the cement matrix. The carbonation front is defined as the location with the maximum vol% of calcite within the cement 

sheath. Please, refer to Table 4.5 to see the maximum and minimum values for each of the curves in subfigures (a) to (y). 
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Figure 4.7. The ingress of the carbonation front into the cement sheath, the volume fraction of calcite, and the porosity within this zone. The depth is 1225 

m, and none of the radial compaction and the radial cracking processes is active. 𝑥𝐶𝐻 and 𝑥𝐶−𝑆−𝐻 are the initial volume fractions of Portlandite and calcium 

silicate hydrate in the solid part of the cement matrix. The carbonation front is defined as the location with the maximum vol% of calcite within the cement 

sheath. Please, refer to Table 4.5 to see the maximum and minimum values for each of the curves in subfigures (a) to (y).
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Figure 4.8. The ingress of the carbonation front into the cement sheath, the volume fraction of calcite, and the porosity within this zone. The depth is 1650 

m, and none of the radial compaction and the radial cracking processes is active. 𝑥𝐶𝐻 and 𝑥𝐶−𝑆−𝐻 are the initial volume fractions of Portlandite and calcium 

silicate hydrate in the solid part of the cement matrix. The carbonation front is defined as the location with the maximum vol% of calcite within the cement 

sheath. Please, refer to Table 4.5 to see the maximum and minimum values for each of the curves in subfigures (a) to (y).
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Figure 4.9. The ingress of the carbonation front into the cement sheath, the volume fraction of calcite, and the porosity within this zone. The depth is 2075 

m, and none of the radial compaction and the radial cracking processes is active. 𝑥𝐶𝐻 and 𝑥𝐶−𝑆−𝐻 are the initial volume fractions of Portlandite and calcium 

silicate hydrate in the solid part of the cement matrix. The carbonation front is defined as the location with the maximum vol% of calcite within the cement 

sheath. Please, refer to Table 4.5 to see the maximum and minimum values for each of the curves in subfigures (a) to (y).
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Figure 4.10. The ingress of the carbonation front into the cement sheath, the volume fraction of calcite, and the porosity within this zone. The depth is 

2500 m, and none of the radial compaction and the radial cracking processes is active. 𝑥𝐶𝐻 and 𝑥𝐶−𝑆−𝐻 are the initial volume fractions of Portlandite and 

calcium silicate hydrate in the solid part of the cement matrix. The carbonation front is defined as the location with the maximum vol% of calcite within the 

cement sheath. Please, refer to Table 4.5 to see the maximum and minimum values for each of the curves in subfigures (a) to (y).
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Table 4.5. The values of the maximum and minimum for the ingress of the carbonation front into 

the cement sheath, the volume fraction of calcite, and the porosity within this zone reported in 

Figure 4.6, Figure 4.7, Figure 4.8, Figure 4.9, Figure 4.10, respectively. 
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4.7 Summary and conclusion 

This chapter provides an introduction on reactive transport modelling in porous media found in 

underground formations. Two main phenomena of the radial cracking and the radial compaction 

were presented in Chapter 3. They were considered as the two main scenarios which could be 

undergone by the cement sheath exposed to CO2-rich environments. The lifespan of the cement 

sheath was studied under the impact of each of these processes in Chapter 3. In this chapter, the 

geochemical alteration of the cement sheath is represented in terms of the depth of the 

carbonation front, the porosity, and the vol% of calcite in this zone. 

In the radial cracking process, the depth of the carbonation front is approximately 

stabilised at the end of the first year of being exposed to CO2-bearing fluids. This profile remains 

steady after the first year. The porosity and the vol% of calcite increases during this period. It can 

be observed in Figure 4.2 and Figure 4.3 that 𝑡/𝑟 is the dominating parameter. This denotes that 

the shapes of the curves of the depth of carbonation front, the porosity, and the vol% of calcite 

are functions of 𝑡/𝑟. The depth of the carbonation front decreases with increasing 𝑡/𝑟. The interval 

(Min. to Max.) for the vol% of calcite and porosity shifts downwards and upwards, respectively, 

with increasing 𝑡/𝑟. 
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The porosity of the compacted layers governs the shape of the profiles of the depth of 

carbonation front, the porosity, and the vol% of calcite in the radial compaction process rather 

than the composition of Portlandite. Three behaviours can be identified in Figure 4.4 and Figure 

4.5. The first is the reduction in the porosity and the vol% of calcite which occurs at a PoC of 

0.0075. In the second, the vol% of calcite increases while the porosity decreases. The decline in 

porosity mostly occurs after a sudden change in the depth of the carbonation front. The vol% of 

calcite and porosity increases in the third behaviour. At the PoC of 0.0075, the compressive nature 

of the in-situ horizontal stress results in a decrease in the value of porosity. Moreover, the 

precipitation of SiO2 (aq) at the cement-brine interface also helps to reduce the porosity. This 

occurs where no more Portlandite or C-S-H is available to react with the invading CO2-bearing 

fluids due to the extremely low permeability of the calcite precipitation zone. With increasing PoC 

in the compaction process, the porosity of the calcite precipitation zone increases. This is due to 

an increase in the effective diffusion coefficient which is a direct function of porosity. The profile 

of the depth of the carbonation front, the porosity, and the vol% of calcite become stabilised 

approaching the end of the five-year time period in the radial compaction process. 

The interval for the penetration depth of the carbonation front (Min. to Max.) shifts 

downwards with increasing  𝑥𝐶𝐻 as indicated in Table 4.5. The depth of the carbonation front is a 

direct function of the initial porosity of the cement matrix which decreases within increasing depth. 

The minimum porosity of the calcite precipitation zone is less than 4%. With time, the vol% of 

calcite increases, and the porosity shows a decrease except at a porosity of 5%. At this porosity 

the increase in the vol% of calcite is negligible. In fact, at the porosity of 5%, the precipitation of 

SiO2 (aq) is the main action responsible for the blockage of CO2-bearing fluids at very shallow 

depths within the cement sheath. It seems that the least increase in the porosity of the calcite 

precipitation zone occurs at the initial porosity of 15% although it is sometimes contradicted. 

Furthermore, the increase in depth has no significant impact on the interval of the vol% of calcite 

and porosity in the calcite precipitation zone. 

In the next chapter a comprehensive model is provided which is equipped with a plastic-

damage model to simulate the alteration of the rock-cement-casing assemblage in both injection 

and abandoned wells. Therefore, the contribution of rock and casing will be accounted for in this 

model, and the injection wells will be also subject to investigation. The concept of the radial 

cracking and the radial compaction can be considered as a simplified representation of the model 

developed in the next chapter.
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Chapter 5 

Modelling the Wellbore Integrity in CO2 Storage Sites* 

Once CO2 is injected it moves beneath the caprock. The CO2 plume affects the rock-cement-

casing assemblage surrounding the injection well. This plume will probably encounter other drilled 

wells within the CO2 storage site. The durability of the cement sheath can be threatened due to 

the degradation process and the stress state resulting from the conditions found underground. 

The integrity of the cement sheath is a function of cement composition, surrounding rock type, 

fluid pressure, stress state, temperature, and type of the well. To the best of author’s knowledge, 

no comprehensive model has yet been developed to characterise the coupled effect of 

geomechanical and geochemical alterations in the rock-cement-casing assemblage within CO2 

storage sites. This chapter provides a methodology to investigate the stability of the rock-cement-

casing assemblage. This chapter is a continuation to Chapter 3 which investigates the effect of 

the temperature, and bands on behaviour of the rock-cement-casing assemblage. A plastic-

damage approach benefited from the concept of embedded bands is introduced to characterise 

the performance of the cement sheath considering both the failure and the deformation 

phenomena occurring within altered zones. It is shown that abandoned wells will remain safe 

while the interfacial transition zones in injection wells are predicted to fail, which converting them 

to potential leakage pathways. In injection wells at depths of 1225-2500 m the cement-casing 

interface encounters the pure dilation while the compaction process deforms the rock-cement 

interface at depths of 800-2500 m which increases its durability. 

5.1 Introduction 

Depleted oil and gas reservoirs are highly susceptible formations for storage of CO2 (Watson and 

Bachu 2009, Onoja and Shariatipour 2018). These type of formations are desirable for CCS 

projects for two reasons; the first being that the structures of these types of reservoirs are well-

                                                      

* The content of this chapter has been extracted from the following paper: 
Bagheri, M., Shariatipour, S.M., and Ganjian, E. (2020) ‘A methodology for reactive transport 
modelling and geomechanical investigation of wellbores in CO2 storage sites’. Construction and 
Building Materials, 121100. 
The candidate set the scientific scope of this work, devised and developed the methodology, 
performed all data analysis and wrote the text.  Seyed M. Sharaitipour and Eshmaiel Ganjian 
provided guidance during the design of this part of the project and feedback on the manuscript. 
Minor adaptations have been performed to streamline the layout of thesis. 
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known due to the extensive studies which have been conducted along their lifespan (from 

appraisal phase to abandonment). Secondly, these reservoirs maintained millions of cubic metres 

high-pressure and high-temperature fluids for a long period of time which reasonably also 

guarantees their capability to accommodate a high quantity of CO2 (Bagheri, Shariatipour, and 

Ganjian 2019b, Le Gallo, Couillens, and Manai 2002, IPCC 2005).  

Injected CO2 migrates upwards then starts moving beneath the caprock laterally (Onoja 

et al. 2019, Newell and Shariatipour 2016, Shariatipour, Pickup, and Mackay 2014, Shariatipour, 

Mackay, and Pickup 2016, Shariatipour, Pickup, and Mackay 2016, Ahmadinia et al. 2019). 

Therefore, the CO2 plume could encounter the wells which have been drilled throughout the 

lifespan of a reservoir as shown in Figure 5.1. Injection wells themselves are also vulnerable to 

injected CO2 at the formations near the injection points due to  perforated downholes (Carey et 

al. 2007). 

 

Figure 5.1. The movement of CO2 plume and vulnerable locations to CO2 leakage 

It should be noted that the term ‘cement-brine interface’ is used interchangeably with ‘the 

cement-rock interface’. This is due to the invasion of CO2-bearing fluids from the rock into the 

cement sheath. The term rock will be used when a description is a general concept applied for 

both the rock and cement, and the cement specifically will be used to describe its unique 

properties. 

The rock-cement-casing assemblage also undergoes mechanical alterations due to the 

conditions found underground. A cement matrix under high-stress and high-temperature 

conditions, particularly in contact with an acidic environment, could either fail or be deformed. The 
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failure of the cement sheath provides highly permeable pathways for CO2-bearing fluids to 

escape, while any deformation limits existing leakage pathways. A linear elasticity analysis was 

introduced and applied to qualitatively model the stability of wellbores by McLean and Addis 

(1990b, 1990a). Subsequently a more complex model was suggested to consider the effect of 

chemical alterations on the wellbore stability within the shale formations using the solute diffusion 

concept (Yu, Chenevert, and Sharma 2003). Gholami, Aadnoy, and Fakhari (2016) investigate 

the integrity of the cement sheath using a thermo-poroelastic approach. For a production well, it 

was shown that a reduction in the fluid pressure and non-uniform stress distribution around the 

wellbore leads to the sand production and the deformation of the well casing (Gholami et al. 2016). 

It was shown by Wang and Taleghani (2014) that the formation of failure cracks around the 

wellbore can be prevented by a high cohesive interface strength. The tensile strength and the 

eccentricity also highly impact the stress distribution and the cracking index, respectively 

(Arjomand, Bennett, and Nguyen 2018). The investigations on the stability of the cement sheath 

in the works conducted in (Xu et al. 2018b, Zhang, L. et al. 2015, Zhang and Wang 2017, Xu et 

al. 2018a) also focused on the mechanical alteration under high-pressure and high-temperature 

conditions. They provide a prediction on the integrity of the cement sheath under conditions found 

within active reservoirs or geothermal fields. Although many attempts have been made towards 

the characterisation of wellbores, the behaviour of the rock-cement-casing invaded by CO2-

bearing fluids is yet subjected to more investigations. 

In this chapter, a methodology is developed to investigate the behaviour of the rock-

cement-casing assemblage. This work is aligned with Chapter 3. The cement sheath acts as a 

bonding phase that fixes the position of the well casing. It also isolates the well casing from the 

corrosive fluids which can be found at any depth along the trajectory of the oil and gas wells. In 

addition, the cementing job is conducted to ensure any unwanted movement of fluids through the 

annular space between the well casing and the surrounding formations is blocked. The behaviour 

of the cement matrix should be analysed in conjunction with the well casing and the surrounding 

rock. Two concepts of deformation and failure of the cement sheath will be represented. This 

chapter considers a plastic-damage approach coupled with the geochemical alteration. It also 

includes the behaviour of the interfacial transition zones (ITZ) where the cement sheath is in 

contact with the well casing and the surrounding rocks.  

5.2 Basic mechanics 

For an isotropic porous media, in a cylindrical coordinate system, the normal stresses can be 

represented as follows (Nur and Byerlee 1971, Sadd 2005, Maimí et al. 2007): 

𝜎𝑟 = 𝜆′(휀𝑟 + 휀𝜃 + 휀𝑧) + 2𝜇′휀𝑟 + 𝛼′𝑝 − (3𝜆
′ + 2𝜇′)𝛼𝐶𝑇𝐸∆𝑇 (5.1) 

𝜎𝜃 = 𝜆′(휀𝑟 + 휀𝜃 + 휀𝑧) + 2𝜇′휀𝜃 + 𝛼′𝑝 − (3𝜆′ + 2𝜇′)𝛼𝐶𝑇𝐸∆𝑇 (5.2) 

𝜎𝑧 = 𝜆′(휀𝑟 + 휀𝜃 + 휀𝑧) + 2𝜇′휀𝑧 + 𝛼′𝑝 − (3𝜆′ + 2𝜇′)𝛼𝐶𝑇𝐸∆𝑇 (5.3) 
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where, 𝜎𝑟, 𝜎𝜃, and 𝜎𝑧 are stresses in the r-direction, 휃-direction, and z-direction, respectively. In 

the calculations in this chapter, the compressive stress is assumed to be positive and the tensile 

stress is assumed to be negative. It is also assumed that the cement sheath is similar to a 

cylindrical system with a radial symmetry where the centre line coincides with the z-axis. It is 

worth noting that the fluid pressure only affects the normal stresses. ∆𝑇 is the temperature change 

and 𝛼𝐶𝑇𝐸 is the coefficient of thermal expansion (CTE). 𝛼 is the Biot coefficient, and 𝑝 is the fluid 

pressure. 𝛼′,  𝜆′ and 𝜇′ are the Biot coefficient, the Lame’s constant, and the shear modulus for a 

damaged rock under either the compression or tension regimes which can be written as follows: 

𝛼′ = 1 − (1 − 𝑑𝑡𝑜𝑡)
𝐾

𝐾𝑠
 (5.4) 

𝜆′ = (1 − 𝑑𝑡𝑜𝑡)(𝐾 −
2

3
𝜇) (5.5) 

𝜇′ = (1 − 𝑑𝑡𝑜𝑡)
𝐸

2(1 + 𝜈)
 (5.6) 

where, 𝜇 is the shear modulus for an intact rock. 𝑑𝑡𝑜𝑡 is the total damage parameter which is a 

measure of the effective surface density of microdefects characterising the creation of 

microcavities (Maimí et al. 2007). 𝐸 and 𝜈 are the Young’s modulus and the Poisson’s ratio of a 

porous rock, respectively. 𝐾𝑠 and 𝐾 are the value of bulk modules of grains and the bulk modules 

of dry porous rock, respectively. 

In this chapter, the plane strain condition is assumed to model the integrity of the cement 

sheath which is applied in literature (Arjomand, Bennett, and Nguyen 2018, Jo and Gray 2010, 

Wang and Taleghani 2014, Zhang, L. et al. 2015, De Simone, Pereira, and Roehl 2017), therefore, 

the strain in the z-direction, 휀𝑧, is zero. For more details on the strain-displacement relations, and 

governing equilibrium equations, please, refer to Section 3.3.1. 

5.3 Elastoplastic approach 

The stress loading path affects the mechanical properties of the cement matrix. As a result, the 

stress distribution within the cement matrix is also a function of the loading path. Within the elastic 

area, the cement matrix will return to its initial state after unloading while beyond the elastic 

boundaries the cement matrix will revert back to a state which is different from the initial state. In 

this case, the cement matrix will maintain a residual change compared to the initial state which is 

referred to as the plastic-damage change. The stiffness of the cement matrix, however,  is also 

damaged, and it decreases due to either softening or hardening under the uniaxial tension or the 

compression loading path, respectively (Omidi and Lotfi 2010, Xiao, Y. et al. 2017, Grassl and 

Jirásek 2006a, 2006b, Grassl et al. 2013, Zhou et al. 2020, Lubliner et al. 1989, Oliver et al. 2001, 

Wu and Cervera 2016). Therefore, a plastic-damage approach is required to model the stress-

strain behaviour of the cement matrix in the inelastic area. In this chapter, a plastic-damage model 

is proposed to include the cement alteration in areas beyond the elastic boundaries.  
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The plastic-damage model was introduced by Lubliner et al. (1989) which was applied 

successfully to concrete. The cement matrix undergoes an elastoplastic evolution under cyclic 

loading. The development of microcracks results in stiffness (i.e., 𝐸) degradation (Lee and Fenves 

1998). Therefore, the stiffness of the cement matrix is continuously changing. Based on this, the 

uniaxial constitutive expression of the plastic-damage model can be defined as: 

𝜎 = (1 − 𝑑)𝐸: (휀 − 휀𝑝) (5.7) 

where, 𝑑 is the damage parameter that characterises the profile of the uniaxial stress-strain 

relationship under both the compressive and the tensile loading path. 휀𝑝 and 휀𝑒 are the plastic 

and the elastic composing parts of the strain, 휀. The strain, 휀, can be decomposed as: 

휀 = 휀𝑒 + 휀𝑝 (5.8) 

The quasi-brittle behaviour of the cement matrix needs more than one assumption to be 

characterised. The behaviour of the cement matrix under the axial tensile stress follows a 

monotonic profile (Sima, Roca, and Molins 2008). Therefore, the damage parameters were raised 

to show the evolution of the cement matrix stiffness. The strain equivalent principle (SEP) was 

applied to calculate the damage parameters as follows (Xiao, Y. et al. 2017): 

𝑑𝑡 = {

0                                                          𝑥𝑡 ≤ 1

1 −
1

𝑎𝑡(𝑥𝑡 − 1)
1.7 + 𝑥𝑡

                  𝑥𝑡 > 1
 (5.9) 

where, 

𝑥𝑡 =
휀

휀𝑡
 (5.10) 

and, 𝑑𝑡 is the tensile damage parameter for the uniaxial tensile stress-strain profile, 𝑎𝑡 is a 

constant parameter, which is a function of the strength and the composition of the cement matrix, 

and 휀𝑡 is the strain of the cement matrix under the tension equal to the tensile strength of the 

cement matrix. 휀 and 휀𝑡 are one dimensional strains aligned with the applied tensile stress. 

A monotonic stress-strain profile can also be used for characterising the behaviour of a 

cement matrix subjected to the axial compression (Yankelevsky and Reinhardt 1987, Bahn and 

Hsu 1998, Karsan and JO 1969). The compressive damage parameter for the uniaxial 

compressive stress-strain profile was calculated using SEP (Xiao, Y. et al. 2017) as follows: 

𝑑𝑐 =

{
 
 

 
 
0                                                                                                     𝑥𝑐 ≤ 𝑥1

1 −
𝑓𝑐
𝐸휀𝑐

(𝛼𝑐 + (3 − 2𝛼𝑐)𝑥𝑐 + (𝛼𝑐 − 2)𝑥𝑐
2)                𝑥1 < 𝑥𝑐 ≤ 1

1 −
𝑓𝑐
𝐸휀𝑐

(
1

𝛽𝑐(𝑥𝑐 − 1)
2 + 𝑥𝑐

)                                                     𝑥𝑐 > 1

 (5.11) 

where, 
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𝑥𝑐 =
휀

휀𝑐
 (5.12) 

and, 𝑑𝑐 shows the compressive damage parameter, 𝑥1 is the ratio of the strain at the elastic-

inelastic transition zone to the strain at which the stress equals the compressive strength of the 

cement matrix, 휀𝑐. It should be noted that 𝑥1 is smaller than 𝑥𝑐. 𝛼𝑐 and 𝛽𝑐 are two constants which 

are functions of the strength and the composition of the cement matrix, 𝑓𝑐 is the uniaxial 

compressive strength (UCS) of the cement matrix. The values for 𝑎𝑡, 𝛼𝑐, and 𝛽𝑐 are equal to 

2.2905, 4.3154, and 0.9055, respectively, which are extracted from the work conducted by Lee 

and Fenves (1998) on the monotonic uniaxial loading of a cement matrix.  

The cement matrix is under a three-dimensional stress state, therefore a unique function 

should be defined to combine the damage parameters into one scalar value of a total damage 

parameter, 𝑑𝑡𝑜𝑡. The following shows 𝑑𝑡𝑜𝑡 as a function of 𝑑𝑐 and 𝑑𝑡 (Omidi and Lotfi 2010, Lee 

and Fenves 1998): 

𝑑𝑡𝑜𝑡 = 1 − (1 − 𝑑𝑐)(1 − �̅�𝑑𝑡) (5.13) 

where, 

�̅� =
∑ 〈𝜎𝑖〉
3
𝑖=1

∑ |𝜎𝑖|
3
𝑖=1

 (5.14) 

and, 〈𝜎〉 is the ramp function which is equal to (𝜎 + |𝜎|)/2.  

The total damage parameter, 𝑑𝑡𝑜𝑡, is embedded in Eqs. (5.1)-(5.3) to include the plastic-

damage behaviour of the cement matrix based on the proposed model. It should be noted that 

the plastic-damage model only describes the behaviour of the cement and the rock, whereas the 

well casing is assumed to remain within the elastic zone. 

5.4 Plasticity yield and cap surfaces  

The failure envelope is the union of the cap and yield surfaces as shown in Figure 5.2. It shows 

the areas where the cement matrix is characterised using the elastic parameters. On approaching 

to the elastic-inelastic boundaries, the total damage parameter increases. The shape of the failure 

envelope alters due to the undergone loading path, the change in the composition and the 

mechanical properties of the cement matrix, and the stress state. The yield surface shows the 

boundaries where the dilation is active. The cap surface is assigned to the boundary, beyond 

which compaction process occurs.  
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Figure 5.2. Effect of the mechanical and chemical alteration on the failure envelope of the cement 

matrix. The abbreviations in this figure are defined as follows: PDB (pure dilation band); DSB 

(dilation shear band); CSB (compaction shear band); 𝜏𝑜𝑐𝑡 (octahedral shear stress); 𝜎𝑜𝑐𝑡 

(octahedral normal stress); (𝑐, 0) is the line separating DSB from CSB; 𝑎 and 𝑏 are defined in Eq. 

(5.27) as the half-width and half-height for describing the elliptical cap surface. 

Three forms of alteration within the cement matrix due to the burdened stress state is 

assumed in this work which is shown by the yield surfaces 1, 2, and the cap surface in Figure 5.2. 

5.4.1 Tensile failure 

The yield surface 1 in Figure 5.2 is characterised by the tensile failure. If the tensile stress on a 

rock exceeds its tensile strength, 𝑓𝑡, the rock will fail. This results in the formation of cracks with 

distinct surfaces which are perpendicular to the tensile stress. The tensile failure results in 

softening of the rocks. The tensile failure can be predicted as follows (McLean and Addis 1990a, 

1990b): 

𝑀 = min{𝜎𝑟 , 𝜎𝜃, 𝜎𝑧} − 𝛼𝑝 (5.15) 

then, 

휂𝑡 = −
𝑀

𝑓𝑡
 (5.16) 

The rock will fail under the tensile stress if the value of 휂𝑡 as the tensile failure criterion 

becomes greater than one.  
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5.4.2 Shear failure 

The shear failure is indicated by the yield surface 2 in Figure 5.2. This section is similar to Section 

3.3.4 which is repeated here to keep the consistency of the content in this chapter. This type of 

failure is expected once the difference between the maximum stress, 𝜎1, and the minimum stress, 

𝜎3, surpasses the shear strength of the rock (Zhao 2000). Two cracks are probably formed due 

to the shear failure, where their imaginary interception line is assumed to be parallel to the 

direction of the middle stress, 𝜎2. The shear failure results in the formation of either cracks or 

bands with a higher porosity compared to the intact zones within the rock. It is worth noting that 

the shear failure leads to softening. These bands are similar to the continuous transition zones 

between two intact zones, however, they are not as distinct as the tensile failure cracks (Aydin, 

Borja, and Eichhubl 2006).   

The Drucker-Prager criterion (Drucker and Prager 1952) is applied to describe the 

maximum shear strength of a rock. This criterion defines the yield surface 2 in Figure 5.2 which 

can be written as:  

𝜏𝐷𝑃 = 𝜏0 +𝑚(𝜎𝑜𝑐𝑡 − 𝛼𝑝) (5.17) 

where, 𝜏𝐷𝑃 is the Drucker-Prager shear stress, which is the maximum shear stress that can be 

withstood by a rock,  𝜏0 and 𝑚 are the intercept and slope of the Drucker-Prager criterion, 

respectively, depending on the internal friction angle, 𝜑, and the cohesion, 𝐶, of a rock as follows 

(McLean and Addis 1990a):  

𝜏0 =
2√2𝐶𝑐𝑜𝑠𝜑

3 − 𝑠𝑖𝑛𝜑
 (5.18) 

𝑚 =
2√2𝑠𝑖𝑛𝜑

3 − 𝑠𝑖𝑛𝜑
 (5.19) 

The internal friction angle, 𝜑, and the cohesion, 𝐶, of a rock can be written as functions 

of compressive strength, 𝑓𝑐, as follows (Rochette and Labossiere 1996):  

𝜑 = sin−1(
3

1 + 0.4𝑓𝑐/√3
) (5.20) 

𝑐 = (𝑓𝑐 − 5√3)
3 − 𝑠𝑖𝑛𝜑

6𝑐𝑜𝑠𝜑
 (5.21) 

Octahedral normal stress, 𝜎𝑜𝑐𝑡, and octahedral shear stress, 𝜏𝑜𝑐𝑡, in Figure 5.2, are 

defined as:  

𝜎𝑜𝑐𝑡 =
𝐼1
3

 (5.22) 
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𝜏𝑜𝑐𝑡 = √
2

3
𝐽2 (5.23) 

where, 𝐼1 and 𝐽2 are the first invariant of the stress tensor and the second invariant of the deviatoric 

stress tensor defined as follows:  

𝐼1 = 𝜎𝑟 + 𝜎𝜃 + 𝜎𝑧 (5.24) 

𝐽2 =
1

6
((𝜎𝑟−𝜎𝜃)

2 + (𝜎𝑟−𝜎𝑧)
2 + (𝜎𝜃 − 𝜎𝑧)

2) + 𝜏𝑟𝜃
2 + 𝜏𝑟𝑧

2 + 𝜏𝜃𝑧
2  (5.25) 

𝜏𝑟𝜃, 𝜏𝑟𝑧, and 𝜏𝜃𝑧 are the shear stresses which are equal to zero due to the plane strain assumption 

and the symmetry of the cylindrical coordinate system which has been applied to demonstrate 

the rock-cement-casing assemblage. 

The shear failure criterion can be written as follows:  

휂𝑠 =
𝜏𝑜𝑐𝑡
𝜏𝐷𝑃

 (5.26) 

The rock will take a shear failure if the shear failure criterion, 휂𝑠, exceeds one. 

5.4.3 Deformation  

With increasing octahedral normal stress, 𝜎𝑜𝑐𝑡, as defined in Eq. (5.22), the rock will be compacted 

due to the immense compressive stress loaded upon it.  The compacted zones within the rock 

are bands with a reduced porosity compared to the other intact zones within the rock. In fact, 

within the compacted zones, a rock will be deformed which is usually interpreted as the hardening 

process. Therefore, no distinct planar surfaces are expected to be formed due to the compaction 

of the deformed zones. The direction of these bands, in this chapter, are assumed to be similar 

to the direction of shear failure bands.  

The cap surface in Figure 5.2 shows the boundary of the elastic-compaction areas which 

is characterised by using an elliptical equation. The elliptical description for the cap surface is 

defined as follows (Bemer, Vincké, and Longuemare 2004, Lubarda, Mastilovic, and Knap 1996, 

Wong, David, and Zhu 1997, Zhu and Wong 1997, Jiang and Zhao 2015): 

(𝐼1′ − 𝑐)
2

𝑎2
+
𝐽2𝑐𝑎𝑝
𝑏2

− 1 = 0 (5.27) 

where, 𝐼1
′  is the effective first invariant of the stress tensor which is equal to (𝐼1 − 3𝛼𝑝) and 𝐽2𝑐𝑎𝑝 

is the second invariant of the deviatoric stress tensor at the cap surface locus. The values of 𝑎, 

𝑏, and 𝑐 are shown in Figure 5.2. The deformation criterion can be defined as: 
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휂𝑑 =

{
 

 
𝐽2
𝐽2𝑐𝑎𝑝

           𝑐 ≤ 𝐼1 < (𝑐 + 𝑎)

𝐼1
𝑎
                          𝐼1 ≥ (𝑐 + 𝑎)

 (5.28) 

The deformation criterion, 휂𝑑, shows the tendency of a rock to be deformed due to the 

burdened compressive stress state. The values for 𝑎, 𝑏, and 𝑐 are obtained after some 

mathematical manipulation as follows, for the cement matrix (Jiang and Zhao 2015) 

𝑋2 = 17.087 + 1.892𝑓𝑐,𝑐𝑒𝑚𝑒𝑛𝑡 (5.29) 

𝑋2 = 𝑐 + 𝑎 (5.30) 

𝑟 = 4.45994 exp (
−𝑓𝑐,𝑐𝑒𝑚𝑒𝑛𝑡
11.51679

) + 1.95358 (5.31) 

𝛼1 = √
3

2
𝜏0 (5.32) 

𝛼2 =
𝑚

√6
 (5.33) 

where, 𝑓𝑐,𝑐𝑒𝑚𝑒𝑛𝑡 is the uniaxial compressive strength of the cement matrix. Therefore, the value of 

𝑐 for the cement matrix is: 

𝑐 =
𝑋2 − 𝑟𝛼1
1 + 𝑟𝛼2

 (5.34) 

For the sandstone (Bemer, Vincké, and Longuemare 2004) 

𝑋2 = 3 ∗ 3663.85exp (−12.4𝜙) (5.35) 

𝑚𝑐 = 2𝜙 + 0.882 (5.36) 

and the value of 𝑐 for the sandstone is: 

𝑐 =
𝑋2

1 + (
0.805
𝑚𝑐

)
2 + 3𝛼𝑝 

(5.37) 

The values of 𝑎 and 𝑏 for both the cement matrix and the sandstone can be calculated 

as follows: 

𝑎 = 𝑋2 − 𝑐 (5.38) 

𝑏 = 𝛼1 + 𝛼2𝑐 (5.39) 
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5.5 Bands  

The failure bands (both the tensile cracks and the shear failure bands) and deformation bands, in 

this chapter, are translated altogether to bands. In fact, the bands are zones with either increased 

porosity, planar crack surfaces, or the decreased porosity as shown in Figure 5.3. Basically, the 

mineral composition of the bands is similar to the intact zones unless the chemical reactions affect 

the bands. The mechanical properties of the rock within the bands are different from the 

mechanical properties of the intact zones. Porosity is the property of most concern regarding 

effects on the mechanical properties, permeability, and diffusion coefficient. Besides, the mineral 

composition of a rock also influences the mechanical properties. Although the total damage 

parameter, 𝑑𝑡𝑜𝑡, considers the effect of the plastic-damage evolution of a rock, it is not capable of 

quantifying the porosity change within failed or deformed zones. In this work, the concept of bands 

is considered as a method to be coupled with the elastoplastic approach to predict the change in 

porosity within the affected zones. Three main band types are considered to represent all the 

affected zones as follows (Fossen et al. 2007, Fossen 1997, Fossen et al. 2018, Fossen and Bale 

2007, Du Bernard, Eichhubl, and Aydin 2002, Aydin, Borja, and Eichhubl 2006, Hamiel, 

Lyakhovsky, and Agnon 2004, Schultz and Siddharthan 2005, Schultz et al. 2008): 

 Pure dilation bands 

 Dilation shear bands 

 Compaction shear bands 

Pure dilation bands (PDB) are defined as bands which are formed due to the tensile 

stress (Fossen et al. 2018). They have distinct surfaces which can be distinguished from each 

other. Cracks can be considered as a subordinate to the PDB class. The porosity of PDBs is one 

and they provide highly conductive pathways for fluids (Faulkner et al. 2010). PDBs are 

perpendicular to 𝜎3 as the minimum stress resulting in the formation of cracks. Although the term 

of the tensile stress is applied to manifest the creation of PDBs, the hydraulic cracks are also a 

type of PDBs which are formed due to an increase in the fluid pressure, 𝑝. The yield surface 1 in 

Figure 5.2 represents the boundary beyond which PDBs will be formed. The maximum aperture, 

𝐷𝑚𝑎𝑥, for PDBs can be calculated as follows (Anders, Laubach, and Scholz 2014): 

𝐷𝑚𝑎𝑥 = (𝜎3 − 𝛼𝑝)
1 − 𝜈

𝜇
𝐿 (5.40) 

where, 𝐿 is the crack length. 

At the middle values of compressive stress and in the case of a significant difference 

between the values of 𝜎1 and 𝜎3, dilation shear bands (DSB) are probable to be formed. The yield 

surface 2 in Figure 5.2 corresponds to the boundary between an elastic area and the area in 

which DSBs are potentially can be formed. These bands increase the porosity within the affected 

areas (Fossen et al. 2018, Fossen 1997, Schultz et al. 2008). The shape of DSBs changes from 

a distinct planar surface i.e., cracks to zones which are continuous across the rocks with an 
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increased porosity compared to the intact parts. The differentiation and the continuity between 

surfaces in DSBs depends on the size  of (𝜎1 − 𝜎3) and 𝜎𝑜𝑐𝑡, respectively (Aydin, Borja, and 

Eichhubl 2006). The larger (𝜎1 − 𝜎3), the more distinct will be the separation of a rock at DSBs. 

The larger 𝜎𝑜𝑐𝑡 leads to an increase in the degree of continuity within the two imaginary planar 

dilation shear bands. These type of bands are susceptible to be formed due to the stress state, 

in which their interception line will be parallel to the middle stress, 𝜎2. The low porosity of these 

bands limits the permeability and the diffusion of fluids deeper into the  rock (Faulkner et al. 2010, 

Fossen and Bale 2007).  

The geometry of compaction shear bands (CSB) is assumed to be similar to DSBs. CSBs 

are continuous bands across the rock with a porosity lower than the intact parts of the rock. These 

bands are classified as deformation due to the continuity of rocks within these bands. They can 

be distinguished from the failure bands (PDB and DSB) due to a decrease in the porosity. CSBs 

are barriers preventing the invasion of fluids into the inner part of the rock in contrast to the failure 

bands which facilitate the permeation of fluids (Faulkner et al. 2010, Fossen and Bale 2007). The 

cap surface in Figure 5.2 shows the boundary beyond which the compaction process is active, 

resulting in the formation of CSBs. 

As can be understood from Figure 5.2 and Eqs. (5.17) and (5.27), the DSB and CSB 

cannot coexist within a rock. This is due to the dominance of octahedral shear and normal 

stresses on their behaviour. Figure 5.4 shows that the simultaneous occurrence of CSB and PDB 

is the least possible phenomenon based on the fact that the CSB-PDB area is the farthest zone 

to the elastic-inelastic boundaries. It can be observed in Figure 5.4 that once the elastic-inelastic 

boundaries are passed, the rock will be affected by one of the major type of bands. With increasing 

distance from the elastic-inelastic boundaries the tendency of the rock to be affected by either the 

CSB-PDB or PDB-DSB couples increases. Therefore, under a stress state only one of DSB or 

CSB are assumed to be formed in a rock. PDBs are formed once the minimum stress becomes 

lower than the tensile strength of the rock, as represented in Eq. (5.15). This means that the 

formation of PDBs is a function of the minimum stress, 𝜎3. A rock can be considered under two 

significant compressive stresses of 𝜎1 and 𝜎2 while a tensile stress simultaneously acts due to 𝜎3 

on one of the faces of the rock. This combination of stress state results in the formation of either 

PDB-CSB or PDB-DSB couples within the rock, depending on the values of 𝜎1 and 𝜎2. The CSB-

DSB couple, however, is never expected to be formed at the same time within the rock as 

explained above and shown in Figure 5.4. 

For DSBs and CSBs, the shear displacement, 𝐷𝑠, which is the displacement of two 

adjacent points in the affected zone of the rock along the shearing surface direction, can be 

expressed as (Fossen 1997): 

𝐷𝑠 = 𝑎1𝐿
𝑏1 (5.41) 
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where, 𝑎1 and 𝑏1 are constants which depend on the rock type, in this chapter, they are considered 

equal to 0.01 and 0.5, respectively. The thickness, 𝑇, of DSBs and CSBs can be calculated as 

(Fossen et al. 2018): 

𝑇 = 𝑎2𝐷𝑠
𝑏2 (5.42) 

where, 𝑎2 and 𝑏2 are constants which are functions of the rock type. They are considered to be 

equal to 3.13 and 1.54, respectively, extracted from (Fossen et al. 2018).  

The failure bands (PDB and DSB) increase the porosity and endanger the integrity of the 

rocks while deformation bands (CSB) improve the solidity of the rocks. The degradation in the 

mechanical strength of a rock is interpreted as the softening process resulting from weakening 

due to the formation of the failure bands. The yield surface of the rock shrinks due to the softening 

process. The deformation bands increase the mechanical strength of the rock, signifying the 

hardening process which expands the cap surface of the rock (Fossen et al. 2007). 

The density of the bands which are formed within the vulnerable parts of the rock-cement-

casing assemblage is a function of the distance between the interfacial transition zones (ITZ) and 

the affected parts. The ITZs are the casing-cement and the cement-rock interfaces. This definition 

of ITZ is adopted as an analogue to the fault to evaluate the bands’ density, 𝑑𝑏, within the affected 

areas as microfractures, as follows: 

𝑑𝑏 =
𝑑𝑏2 − 𝑑𝑏1
0.25 − 0.09

(𝜙 − 0.09) + 𝑑𝑏1 (5.43) 

Please, refer to Fig.4 in (Faulkner et al. 2010). The microfracture density (or band density), 𝑑𝑏, at 

the porosity of 0.25 is approximately seven as an average value for both rocks of Entrada and 

Navajo Sst, and Navajo Sandstone. This value is considered as 𝑑𝑏2. At the porosity of 0.09 for 

both the rocks of Fountain Formation and Shawngunk Faults, the band density averagely follows: 

𝑑𝑏1 = −7.26 ln(𝑥) + 35.958, where 𝑥 is the distance to the cement-rock interface. With increasing 

distance from the separation surface, Eq. (5.43) shows that the density of bands decreases. 

The porosity of rocks, in the PDBs, is equal to one due to the formation of cracks. DSBs 

show an increase of 8% in the porosity value compared to the intact parts of the rock. CSBs are 

assumed to be similar to cataclastic bands in which the porosity decreases by one order of 

magnitude (Fossen et al. 2007). Therefore, the porosity of bands can be outlined as: 

𝜙𝑃𝐷𝐵 = 1 (5.44) 

𝜙𝐷𝑆𝐵 = 1.08𝜙0 (5.45) 

𝜙𝐶𝑆𝐵 = 𝜙0/10 (5.46) 
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where, 𝜙0 is the porosity of the affected zones prior to the formation of the bands. Therefore, the 

porosity of altered zones can be updated and used for the calculation of the stress. The porosity 

evolution due to the formation of the bands can be formulated as follows: 

Δ𝜙𝑏 = 𝑑𝑏𝑤(𝜙𝑐𝑚 − 𝜙𝑏) (5.47) 

where, ∆𝑟 is the thickness of the radial layer at the radius of 𝑟, 𝜙𝑐𝑚 is the porosity of that layer 

prior to the formation of the bands (or after imposing chemical alteration, and the elastic change), 

𝑊 is the width of the band which equals either 𝐷𝑚𝑎𝑥 or 𝑇 depending on the type of the band, and 

𝜙𝑏 is the porosity of the band which can be equal to either of 𝜙𝑃𝐷𝐵, 𝜙𝐷𝑆𝐵, or 𝜙𝐶𝑆𝐵 , depending on 

the type of band. Figure 5.3 shows the method of porosity calculation for a failed or deformed 

radial element. A failed or deformed radial element is composed of elastic parts following the 

porosity evolution based on the elasticity rules (i.e., Eq. (5.63)), and band parts wherein their 

porosity is calculated using Eqs. (5.44)-(5.46). The total impact of the alteration in the mechanical 

properties of the cement sheath is considered by 𝑑𝑡𝑜𝑡 in the Eqs. (5.1)-(5.3). 

 

Figure 5.3. Porosity and Young’s modulus of an element of the cement sheath after being 

exposed to CO2-bearing fluids as a function of the elastic, failed, and deformed parts within the 

cement sheath element which can be defined as: 𝜙𝑒𝑙𝑒𝑚𝑒𝑛𝑡 = 𝑠𝑏𝑎𝑛𝑑 1𝜙𝑏𝑎𝑛𝑑 1 +

𝑠𝑏𝑎𝑛𝑑 2𝜙𝑏𝑎𝑛𝑑 2+𝑠𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑐𝑒𝑚𝑒𝑛𝑡𝜙𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑐𝑒𝑚𝑒𝑛𝑡, 𝑠𝑏𝑎𝑛𝑑 1 + 𝑠𝑏𝑎𝑛𝑑 2+𝑠𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑐𝑒𝑚𝑒𝑛𝑡 = 1 & 𝑠𝑖 = 𝑉𝑖/𝑉𝑡𝑜𝑡, and 

𝐸𝑑 = 𝐸(1 − 𝑑𝑡𝑜𝑡). 
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.  

Figure 5.4. The occurrence of different types of bands (PDB, DSB, and CSB) within a rock. 𝜎𝑖 and 

𝜎𝑗 show the normal stress in the 𝑖 and 𝑗 directions, respectively. 

5.6 Geochemistry  

The invasion of CO2-bearing fluids into the cement matrix results in either degradation or a 

carbonation processes. The degradation process increases the porosity which leads to a 

decrease in the strength value. The failure envelope as shown in Figure 5.2 shrinks compared to 

the original failure envelope. This implies that the cement matrix will become weaker with respect 

to the burdened stress state. On the other hand, the carbonation process decreases the porosity 

within the affected areas which leads to an increase in the strength. Therefore, the failure 

envelope will expand as shown in Figure 5.2 which implies an increase in the durability of the 

cement matrix. 

The chemical alteration of a porous medium can be expressed as Eq. (4.2). To simulate the 

chemical alteration of the cement matrix, the CrunchFlow code was used. This code was 

developed by Steefel et al. (2015) to simulate the geochemical alterations using the energy, mass, 

and momentum conservation. The reactions that occur within the cement matrix can be classified 

into the precipitation and the dissolution of minerals, and the reactions within the aqueous phase.  

The reactions between the solid and the aqueous phase (dissolution and precipitation) are 

kinetically controlled and characterised by a reaction rate constant, 𝑘. Table 3.7 represents the 

reactions that occur between the solid and the aqueous phases, where, 𝐴 is the specific area, 

and 𝛼 is the dependency of a reaction on H+ activity. The reactions within the aqueous phase are 

fast and they are controlled by thermodynamics rules. These reactions are accounted for based 
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on their equilibrium constant, 𝐾𝑒𝑞. Table 3.6 shows the proposed reactions that occur within the 

pores of the cement matrix and their equilibrium constant, 𝐾𝑒𝑞.  

The diffusion process is the main mass transportation phenomenon which is responsible 

for the invasion of carbon species both into and out of the cement matrix while the advection 

process renews CO2-bearing fluids at the cement-brine interface (Brunet et al. 2016, Huerta et al. 

2016, Huet, Prevost, and Scherer 2010, Shen, Dangla, and Thiery 2013, Abdoulghafour et al. 

2016, Geloni, Giorgis, and Battistelli 2011). The chemical alteration of the cement matrix can be 

either of diffusion-limited (Huet, Fuller, and Prevost 2006) or reaction-limited (Walsh et al. 2014b, 

2013, 2014a) based on the difference between the reaction kinetics and the diffusion rate. In 

reaction-limited areas, the reaction fronts are closer to each other compared to the reaction fronts 

within the diffusion-limited areas (Iyer et al. 2017, Bagheri, Shariatipour, and Ganjian 2018). The 

diffusion coefficients, 𝐷0, of the aqueous species in the pore water of the cement matrix at the 

temperature of 25 ℃ are shown in Table 5.1. This table is similar to Table 3.8 which is representing 

the diffusion coefficients at the temperature of 25℃ rather than 50℃, respectively. 

It is assumed that CO2 is completely dissolved in brine and it never escapes from the 

dissolution throughout the lifespan of the cement matrix. This assumption is reliable because CO2-

bearing fluids which are reaching the wells, particularly abandoned wells, have a lower level of 

dissolved CO2 compared to the maximum soluble CO2 calculated from thermodynamic rules 

(Spycher, Pruess, and Ennis-King 2003, Duan and Sun 2003). In addition, at deep locations within 

underground formations the fluid pressure and temperature are usually above the critical 

pressure, 7.38 MPa, and temperature, 31.1 ℃, of CO2, respectively. Therefore, CO2 will be in the 

supercritical state. This process fortifies the assumption considering the complete dissolution of 

CO2 in brine. Therefore, a single aqueous phase could be the only dominant fluid phase within 

the pores of the cement matrix and the pores near to the cement-rock interface. 

Table 5.1. Diffusion coefficient of the aqueous species in water at 25 ℃ (Li and Gregory 1974, 

Kestin, Khalifa, and Correia 1981, Rebreanu, Vanderborght, and Chou 2008, Cussler 1997). 

This item has been removed due to 3rd Party Copyright. The unabridged version of the thesis 
can be found in the Lanchester Library, Coventry University. 
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5.7 Modelling  

This section explains the method applied to model the alteration of the rock-cement-casing 

assemblage in CO2 storage sites using the coupled chemical-mechanical alteration. Figure 3.3 

shows the method which have been applied for coupling the geochemical simulation with the 

geomechanical simulation. 

5.7.1 Inputs and sub-calculations 

The following section outlines the primary inputs, the strength calculation methods, and the initial 

chemical and mechanical boundary conditions which need to be computed at each time step in 

the numerical simulations. 

5.7.1.1 Young’s modulus, Poisson’s ratio, density, and coefficient of thermal expansion 

The Young’s modulus, the Poisson’s ratio, the density, and the coefficient of thermal expansion 

for the casing, cement, and rock are represented in Table 5.2. The rock type in this chapter is 

assumed to be sandstone with the porosity of 0.12. The Young’s modulus for the cement matrix 

is a function of its mineral composition. Table 5.2 shows the Young’s modulus for the composing 

minerals of the cement matrix. The Young’s modulus of the casing is assumed to remain constant 

although the Young’s modulus of the rock and cement matrix changes. 

Table 5.2. Young’s modulus, Poisson’s ratio, density, and coefficient of thermal expansion for the 

casing, cement, and rock. 

Component 

composing the 

solid phase of the 

cement matrix 

Young’s 

modulus 

(GPa) 

Reference 

Density (gr/cm3), 

the values are 

obtained from 

the CrunchFlow 

database 

(Steefel et al. 

2015) 

C-S-H 25.55 

An average value is derived 

from (Chamrova 2010, 

Jennings et al. 2007, 

Constantinides and Ulm 

2007)  

2.24 

CH 38.5 

An average value is derived 

from (Chamrova 2010, 

Constantinides and Ulm 

2004)  

2.71 

Calcite 70 
An average value is derived 

from (Merkel et al. 2009) 
2.05 

Silica gel 159 

It is assumed that the silica 

gel zone is composed of 

silicon and an average value 

is derived from (Hopcroft, 

2.07 
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Nix, and Kenny 2010, 

Moner-Girona et al. 1999) 

Halite 3 (Liang et al. 2013) 2.16 

Poisson’s ratio, 𝝂 

Poisson’s ratio Reference 

Poisson’s ratio of 

cement matrix, 

𝝂𝒄𝒆𝒎𝒆𝒏𝒕 

0.25 

(Chamrova 2010, Constantinides and Ulm 2004, 

Harsh, Shen, and Darwin 1990, Velez et al. 2001, 

Wang and Subramaniam 2011) 

Poisson’s ratio of 

rock, 𝝂𝒓𝒐𝒄𝒌 
0.21 (Gholami, Aadnoy, and Fakhari 2016) 

Poisson’s ratio of 

casing, 𝝂𝒄𝒂𝒔𝒊𝒏𝒈 
0.27 

(Gholami et al. 2016, Gholami, Aadnoy, and 

Fakhari 2016) 

Young’s modulus of rock and casing 

Young’s modulus (GPa) Reference 

The initial 

Young’s modulus 

for Rock, 𝑬𝟎,𝒓𝒐𝒄𝒌 
30 (Gholami, Aadnoy, and Fakhari 2016) 

Young’s modulus 

of casing, 𝑬𝒄𝒂𝒔𝒊𝒏𝒈 
205.6 

(Gholami et al. 2016, Gholami, Aadnoy, and 

Fakhari 2016) 

Coefficient of thermal expansion, 𝜶𝑪𝑻𝑬 

Coefficient of thermal expansion 

(𝟏/℃) 
Reference 

Coefficient of 

thermal 

expansion of 

cement, 𝜶𝑪𝑻𝑬,𝒄𝒆𝒎𝒆𝒏𝒕  

15e-6 

 
(Zhang and Wang 2017, Shui et al. 2010) 

Coefficient of 

thermal 

expansion of 

rock, 𝜶𝑪𝑻𝑬,𝒓𝒐𝒄𝒌 

10.8e-6 

(Gholami, Aadnoy, and Fakhari 2016, Zhang and 

Wang 2017, Steiger, Charola, and Sterflinger 

2011) 

Coefficient of 

thermal 

expansion  of 

casing, 𝜶𝑪𝑻𝑬,𝒄𝒂𝒔𝒊𝒏𝒈 

13e-6 (Sadd 2005, Zhang and Wang 2017) 

 

The value of the Young’s modulus for the cement matrix is a function of its composing 

minerals. Therefore, it can be calculated based on either the Voigt or Reuss models (Liu, Feng, 

and Zhang 2009, Zhu, Fan, and Zhang 2015). The Voigt model is chosen for calculating the 
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Young’s modulus of the cement matrix. This is based on the direct effect of the dissolution or 

precipitation of a mineral on the strength and the Young’s modulus of a cement matrix (Bagheri, 

Shariatipour, and Ganjian 2019a, 2019b). Therefore, the Young’s modulus for a cement matrix at 

a time, 𝑡, and a radius,  𝑟, from the centre of the cement sheath with assuming a porosity of zero 

can be written as follows: 

𝐸0,𝑟
𝑡 =∑𝐸𝑖𝑓𝑖,𝑟

𝑡

𝑁𝑚

𝑖=1

 (5.48) 

where, 𝐸0,𝑟
𝑡  is the Young’s modulus of the cement matrix with a porosity of zero at the time, 𝑡, and 

the radius, 𝑟, 𝐸𝑖 is the Young’s modulus for the mineral 𝑖, 𝑓𝑖,𝑟
𝑡  shows the volume fraction of the 

mineral 𝑖 over the entire volume of the solid phase, and 𝑁𝑚 is the number of minerals in the 

cement matrix. The materials which are formed or dissolved during the exposure to CO2-bearing 

fluids are limited to the materials which are mentioned in Table 5.2. 𝑓𝑖,𝑟
𝑡  is also a function of the 

time, 𝑡, and the radius, 𝑟, due to the alteration of the cement composition during exposure to CO2-

bearing fluids. With increasing porosity the Young’s modulus of the cement matrix decreases as 

suggested by Phani and Niyogi (1987) formulated in Eq. (3.38) 

The material constant, 𝑎, in Eq. (3.38) is assumed to be equal to one by considering the 

Young’s modulus of zero at the porosity of one (Lafhaj et al. 2006, Li et al. 2006). Equation (3.38) 

is also applicable for the rock surrounding the cement sheath. The parameter 𝑛, in Eq. (3.38), is 

a function of the cement matrix composition. This parameter needs to be inversely calculated 

from the available experimental data. This is due to the lack of information on this term versus the 

mineral composition. A profile of the Young’s modulus is adopted from the work conducted by 

Mason et al. (2013) which is matched with the porosity profile measured by Rimmelé et al. (2008). 

The nominal mineral composition, the related zones, the porosity in those zones, and associated 

depths are outlined in Table 3.3. Equation (3.38) were applied as 𝑛𝑟 = log(𝐸𝑟/𝐸0,𝑟) /log (1 − 𝜙𝑟) 

to calculate the parameter 𝑛 within each zone. This table provides a reference database for 

predicting the parameter 𝑛. The inverse distance weighing (IDW) with the power of four  (Shepard 

1968) is used to calculate the parameter 𝑛 at each depth in the cement matrix based on the 

mineral composition. 

Eq. (3.38) also is applied to the rock surrounding the cement sheath as 𝐸𝑟,𝑟𝑜𝑐𝑘
𝑡 =

𝐸0,𝑟𝑜𝑐𝑘
𝑡 (1 − 1.72𝜙𝑟,𝑟𝑜𝑐𝑘

𝑡 )
1.347

. The constant values in this equation for the rock are obtained as the 

average values from the study undertaken by Phani and Niyogi (1987). 

5.7.1.2 Uniaxial compressive and tensile strengths 

The uniaxial compressive strength (UCS) of the cement matrix is calculated using the following 

equation (Jurowski and Grzeszczyk 2018): 
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𝑓𝑐,𝑐𝑒𝑚𝑒𝑛𝑡 = 𝑘𝑠(1 − 𝛾)(
106𝐸𝑐𝑒𝑚𝑒𝑛𝑡
43𝜌1.5

) (5.49) 

where, 𝑘𝑠 is a coefficient which depends on the cement type, the value of 2.31 being chosen 

representing 𝑘𝑠 for CEM I 42.5R, 𝛾 shows the volume ratio of aggregates, this value is assumed 

to be zero based on using the plain cement paste for well-cementing job, 𝜌 is density in kg/m3, 

and 𝑓𝑐 is the uniaxial compressive strength for the cement matrix in MPa. Calculations in this 

thesis show that at higher porosities where the Young’s modulus is low, Eq. (5.49) is not a 

reasonable representative formula for the UCS of the cement matrix. Therefore, Eq. (3.46) was 

applied at porosities greater  than 0.68 (Lian, Zhuge, and Beecham 2011, Bagheri, Shariatipour, 

and Ganjian 2019b). 

This equation is suggested by Lian, Zhuge, and Beecham (2011) and modified by (Bagheri, 

Shariatipour, and Ganjian (2019b) to be used for oil well cements. 

The uniaxial tensile strength (UTS) of the cement matrix is calculated as follows (Shen et 

al. 2016):  

𝑓𝑡,𝑐𝑒𝑚𝑒𝑛𝑡 = 1.04𝑓𝑡𝑠𝑝,𝑐𝑒𝑚𝑒𝑛𝑡
0.87  (5.50) 

where, 𝑓𝑡𝑠𝑝,𝑐𝑒𝑚𝑒𝑛𝑡 is the splitting tensile strength of the cement matrix defined as (Arιoglu, Girgin, 

and Arιoglu 2006): 

𝑓𝑡𝑠𝑝,𝑐𝑒𝑚𝑒𝑛𝑡 = 0.387𝑓𝑐,𝑐𝑒𝑚𝑒𝑛𝑡
0.63  (5.51) 

The uniaxial compressive strength of the rock (i.e., the rock type is sandstone) is 

calculated as follows (Chang, Zoback, and Khaksar 2006): 

𝑓𝑐,𝑟𝑜𝑐𝑘 = 46.2exp (0.027𝐸𝑟𝑜𝑐𝑘) (5.52) 

And, the uniaxial tensile strength of the rock is derived as follows (Altindag and Guney 2010): 

𝑓𝑡,𝑟𝑜𝑐𝑘 = (
𝑓𝑐,𝑟𝑜𝑐𝑘
12.308

)
0.9324

 (5.53) 

Equation (5.53) shows the Brazilian tensile strength for the rock, which is considered to 

be equal to the UTS of the rock. 

It should be noted, that the formulations for UCS are used within both the elastic and the 

inelastic zones, while UTS after failure decreases to a small value of 휀2. This is due to the 

incapability of a rock to withstand the tensile stress after failure. The deformation of a rock, 

however, does not affect its UTS. Indeed, the value of UTS is a decreasing function within the 

inelastic zone. It was supposed that the value of the UTS for a rock at a specific time equals the 

minimum tensile strength which has been reached during the lifespan of that rock. 
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5.7.1.3 In-situ horizontal stress and salinity 

The in-situ horizontal stress at each depth is calculated using Eq. (3.1) (Breckels and van Eekelen 

1982). Equation (3.1) has been proposed for the calculation of the in-situ horizontal stress in 

sedimentary basins in the U.S. Gulf coast. The in-situ horizontal stress could be in the range of 

(2.7 + 0.008𝑑) to (40.5 + 0.014𝑑) at each depth, 𝑑, in MPa depending on the formation properties 

(Brown and Hoek 1978) although Eq. (3.1) is considered as a representative value. 

It is worth noting that the brine salinity is also a function of depth; the gradient of the 

increase in the salinity with depth is in the range of 50-300 mg/Litre/m (Dickey 1969, Pourmalek 

and Shariatipour 2019). In this chapter, 100 mg/Litre/m is assumed as being the representative 

value for the increase in the salinity versus depth, therefore: 

𝑀𝑁𝑎𝐶𝑙 = 0.0017𝑑 (5.54) 

where, 𝑀𝑁𝑎𝐶𝑙 is the molarity of NaCl in mol/Litre at the depth of 𝑑. The other dissolved solids in 

the brine are MgCl2, CaCl2, KCl, NaHCO3, Na2SO4 , etc., however, NaCl is assumed as the main 

dissolved salt in brine.  

5.7.1.4 Temperature profile 

The temperature at the Earth’s surface is set at 20 ℃. The gradient of the increase in temperature 

versus depth is 30 ℃/𝑘𝑚 (Fridleifsson et al. 2008). Therefore, the temperature of the underground 

formations at each depth can be calculated as follows: 

𝑇𝑑 = 20 + 0.03𝑑 (5.55) 

where, 𝑇𝑑 is the temperature at the depth, 𝑑, in centigrade. The injection of CO2 into underground 

formations changes the profile of the temperature distribution around the injection well. The radius 

of thermally influenced area, 𝑅𝑡ℎ, is considered to be 1079.5 mm (Xu et al. 2018a, 2018b). The 

profile of temperature change along the radial direction from the inside of the well casing towards 

𝑅𝑡ℎ is as follows (Xu et al. 2018a, 2018b, Kutasov and Eppelbaum 2015): 

∆𝑇 =

{
 
 

 
 

𝑇𝑤 − 𝑇𝑑                                                       𝑟 ≤ 𝑅𝑜,𝑐𝑎𝑠𝑖𝑛𝑔

𝑇𝑤 − 𝑇𝑑 +

(𝑇𝑑 − 𝑇𝑤) log (
𝑟

𝑅𝑜,𝑐𝑎𝑠𝑖𝑛𝑔
)

log (
𝑅𝑡ℎ

𝑅𝑜,𝑐𝑎𝑠𝑖𝑛𝑔
)

   𝑅𝑜,𝑐𝑎𝑠𝑖𝑛𝑔 < 𝑟 ≤ 𝑅𝑡ℎ 
 (5.56) 

where, 𝑇𝑤 is the temperature of the injected fluid inside the well casing, 𝑅𝑜,𝑐𝑎𝑠𝑖𝑛𝑔 is the outside 

radius of the well casing. Equation (5.56) shows that temperature drop is constant within the wall 

of the well casing while this number decreases in a logarithmic manner with increasing distance 

from the outside radius of the well casing towards 𝑅𝑡ℎ. The outside radius of the well casing, 

𝑅𝑜,𝑐𝑎𝑠𝑖𝑛𝑔, in these calculations is 7 inches  and the inside radius of the well casing, 𝑅𝑖,𝑐𝑎𝑠𝑖𝑛𝑔, is 

6.366 inches. 
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Therefore, the temperature profile can be calculated as follows: 

𝑇 = 𝑇𝑑 + ∆𝑇 (5.57) 

The temperature profile is a function of the time, 𝑡, therefore, 𝑅𝑡ℎ may exceed 1079.5 mm 

with time. The solution of transient heat transport equations would be needed to account the 

temperature profile at each time step which some examples of them are available at 

(Chevarunotai et al. 2018, Ganguly 2018, Duru and Horne 2010). At early times, the temperature 

profile is highly steep close to the casing wall while after several days it becomes smoother. The 

value of 1079.5 is simply considered as a safe threshold to include both extremes. The change 

in temperature, ∆𝑇, is applied in Eq. (5.1)-(5.3) to calculate the stress distribution. The 

temperature drop (∆𝑇 < 0) in the rock-cement-casing assemblage leads to the formation of tensile 

stress at the ITZs locations. In contrast, the ITZs are compressed with increasing in temperature 

(∆𝑇 > 0). From the geomechanical point of view, in the case of (∆𝑇 = 0) which is mostly 

dominating abandoned wells the rock-cement-casing assemblage is purely under the effect of the 

in-situ horizontal stress. 

5.7.1.5 Initial composition of the aqueous and solid phases 

The initial composition of the aqueous phase is a function of depth. The concentration of NaCl is 

obtained using Eq. (5.54), and the initial concentration of CO2 at each depth is calculated based 

on the fluid pressure, 𝑝, and the salinity using Duan-Sun method (Duan and Sun 2003). The 

surrounding rock is assumed to be sandstone. This type of rock does not affect the degree of 

acidity of CO2-bearing fluids. In this case, the cement sheath will be exposed to a more acidic 

environment compared to the conditions where the cement sheath is surrounded by either 

limestone or dolomite. The mineral composition of the cement matrix can be found in Table 3.5.  

5.7.1.6 Interfacial transition zones (ITZs) 

Two main interfaces of the casing-cement and the cement-rock are the interfacial transition zones 

(ITZs) separating the rock-cement-casing assemblage. The average UCS, 𝑓�̅�, of the interfaces is 

calculated as follows: 

𝑓�̅� = 𝑅𝑎𝑓𝑐,𝑎 + (1 − 𝑅𝑎)𝑓𝑐,𝑏  &  𝑅𝑎 + 𝑅𝑏 = 1 (5.58) 

where, a and b show the two rock types which are in contact with each other at an interface, 𝑅𝑎 

is the volume ratio of the rock a, 𝑅𝑏 is the volume ratio of the rock b, 𝑓𝑐,𝑎 and 𝑓𝑐,𝑏 are the UCSs of 

the rock a and b adjacent to the interfacial transition zone, respectively. The strength of an 

interfacial transition zone is lower than the strength of the jointing rocks (Torsæter, Todorovic, 

and Lavrov 2015). The UCS of the ITZ, 𝑓𝐼𝑇𝑍, can be obtained based on the reduction in density 

as follows (Barton and Choubey 1977): 
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𝑓𝑐,𝐼𝑇𝑍 =
𝑓�̅�
𝑟𝐼𝑇𝑍

 (5.59) 

𝑟𝐼𝑇𝑍 is adopted from the work of Barton and Choubey (1977) as: 

𝑟𝐼𝑇𝑍 = −0.225𝑟Δ𝜌 + 1.5 (5.60) 

and,  

𝑟Δ𝜌 =
𝜌𝐼𝑇𝑍
𝑛𝑒𝑤 − 𝜌𝐼𝑇𝑍

𝑜𝑙𝑑

𝜌𝐼𝑇𝑍
𝑜𝑙𝑑  (5.61) 

where, 𝜌𝐼𝑇𝑍
𝑛𝑒𝑤 and 𝜌𝐼𝑇𝑍

𝑜𝑙𝑑 are densities of the ITZ at time step (𝑛 + 1) and 𝑛, respectively. The value 

of Young’s modulus and UCS of ITZs are calculated using Eqs. (3.38) and (5.49), respectively. It 

should be noted that 𝜌𝐼𝑇𝑍 = 𝑅𝑎𝜌𝑎 + (1 − 𝑅𝑎)𝜌𝑏, where 𝜌𝑎 and 𝜌𝑏 are the densities of the rocks a 

and b, respectively. 

The uniaxial compressive strength of an ITZ is assumed to be a function of the minimum 

density which has been reached during its lifespan. Therefore, the UCS of the ITZ is a decreasing 

function of time. The uniaxial tensile strength of the ITZ is calculated using Eq. (5.50).  The value 

of the UTS is also a decreasing function within the inelastic zone and never goes beyond the 

minimum tensile strength which has been reached in the ITZ. The deformation does not affect the 

UCS and the UTS of the ITZs, in contrast, the tensile and the shear failures degrade the integrity 

of the ITZs.  

5.7.1.7 Initial mechanical and chemical boundary conditions 

Initially, prior to any mechanical or chemical alteration, two boundary conditions dominate the 

casing-cement-rock assemblage. These conditions are expressed in Eqs. (3.36) and (3.37). The 

inside pressure, 𝑝𝑖𝑛𝑠𝑖𝑑𝑒, on the inside wall of the casing can initially be calculated as follows: 

𝑝𝑖𝑛𝑠𝑖𝑑𝑒 = {
𝑝𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛,      𝑓𝑜𝑟 𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑤𝑒𝑙𝑙𝑠

𝜌𝑚𝑢𝑑𝑔ℎ,   𝑓𝑜𝑟 𝑎𝑏𝑎𝑛𝑑𝑜𝑛𝑒𝑑 𝑤𝑒𝑙𝑙𝑠
 (5.62) 

where, ℎ equals 274 m (or 900 ft), 𝑔 is 9.8 m/s2, and 𝜌𝑚𝑢𝑑 is the mud density of 1.097 gr/cm3 (or 

11 lb/gal). For the case of abandoned wells, it is assumed that the plug is set exactly beneath the 

caprock, and the height of the mud above that is 274 m which is equal to the distance to the next 

plug at shallower depths. In addition, it is imagined that plugs do not transmit the fluid pressure 

to depths below them. For more information on the initial geomechanical boundaries, please, refer 

to Section 3.3.1. 

The cement sheath at the cement-rock interface is in contact with an infinite source of 

CO2-bearing fluids. This matter implies that the Dirichlet boundary condition dominates the 

cement-rock interface. The concentration of CO2 in brine at the cement-rock interface will thus 

remain constant with time. At the cement-casing interface, zero-flux condition is the prevalent 
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process, due to the blockage of fluids on the outer face of the well casing. These chemical 

boundary conditions remain constant with time.  

5.7.2 Porosity evolution 

The porosity evolution of a rock due to the imposed stress state can be expressed as (Liu and 

Harpalani 2014, Harrold 2001, Ghabezloo et al. 2008): 

Δ𝜙𝑚 = −(
1 − 𝜙𝑐
𝐾

−
1

𝐾𝑠
)∆(𝜎𝑜𝑐𝑡 − 𝛼𝑝) (5.63) 

where, Δ𝜙𝑚 is the mechanical alteration in the porosity of a rock defining the elastic evolution in 

the porosity value, and 𝜙𝑐 is the porosity of the cement matrix after imposing the chemical 

alteration. 

The CrunchFlow code generates a profile of the volume fraction within each element of 

a cement matrix as follows: 

𝜙𝑐 = 1 −∑𝑉𝑖

𝑁𝑚

𝑖=1

 (5.64) 

where, 𝑉𝑖 is the volume fraction of the mineral component 𝑖, and 𝑁𝑚 is the number of minerals 

composing the cement matrix. Therefore, the porosity, 𝜙𝑛𝑒𝑤, after imposing the elastic change, 

the chemical alteration, and the formation of bands can be written as: 

𝜙𝑛𝑒𝑤 = 𝜙𝑐 +  Δ𝜙𝑚 + Δ𝜙𝑏 (5.65) 

5.7.3 Numerical approach 

The evolution of the failure envelope as shown in Figure 5.2 is a function of the alteration type 

undergone by a rock or a cement matrix. Although the effect of each process can be readily seen 

in Figure 5.2, the prediction of the combined effect of processes is a demanding job. The 

numerical approach represented in this section is applied to simulate the alteration of the rock-

cement-casing assemblage. 

The radial stress activates the stresses in both the z-direction and the 휃-direction. This is 

an indirect implication of applying the plane strain assumption in a cylindrical coordinate system 

for the rock-cement-casing assemblage. In this chapter, the radial compressive stress at the ITZs 

fulfils the continuity proposition. This indicates that the casing-cement interface and the cement-

rock interface will be similar to a continuous porous media if the radial stresses at their interfaces 

are compressive. This is a valid assumption even if the ITZs previously failed.  Therefore, the 

radial stresses at the ITZs are considered to be a measure of continuity if the ITZs are failed in 

prior time steps. 

From a mechanical point of view, the cooling within the well casing due to the injection of 

CO2 results in the formation of the tensile stress within the casing-cement-rock-assemblage. This 
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tensile stress is an impacting phenomenon prior to the failure of at least one of the ITZs. After the 

failure of either the casing-cement or the cement-rock bonds, the tensile stress is not able to be 

transmitted through the failed ITZs. Therefore, the effect of the reduction in temperature must be 

compensated in the mechanical calculations by assuming a constant temperature profile. Once 

the temperature has increased, the profile of temperature in the mechanical calculation should be 

updated. The new temperature profile formed due to the heating process would be applicable to 

the mechanical calculations based on the resulted compressive stresses at the ITZs. This 

assumption will also be valid even if the ITZs are failed in prior time steps. 

In this method of coupling the geochemical reactions with the geomechanical alterations, 

the calculation parts will be conducted in series. However, a fully implicit approach can increase 

the precision and the reliability of calculations.  It should be reminded that the fully implicit 

approach is more stable, and larger time steps can be implemented although they are 

computationally demanding. The iterative approach used here is also rational due to the negligible 

effect of the stress state on the geochemical reactions. The concentration of CO2 is a function of 

the fluid pressure and the salinity. After the complete dissolution of CO2 in brine or surpassing the 

maximum solubility predicted by thermodynamic rules, the effect of the fluid pressure will reduce. 

It can be understood that the chemical reactions become independent of the stress state. 

Therefore, the geochemical reactions after the complete dissolution of CO2 are not affected by 

the stress state. Based on the assumption of complete dissolution of CO2 in brine and the 

prevalence of single-phase of liquid within the pores of the cement sheath, the iterative approach 

used in this chapter is an applicable and reliable method in these calculations. 

5.7.3.1 Step 1. Initialisation 

In the first step, prior to the start of the simulation, inputs should be calculated and imported into 

the simulation. The cylindrical layer with the radius of 𝑟 is shown with 𝑖 (subscript), and the time 

step is shown with 𝑗 (superscript). Flowchart 5.1 shows the initialisation of the simulation. The 

number of cylindrical layers in the rock-cement-casing assemblage is represented by 𝑛. 

1. Calculation of the in-situ horizontal stress, 𝜎𝑖𝑛−𝑠𝑖𝑡𝑢, and the fluid pressure, 𝑝. 
2. Calculate the temperature of the cylindrical layer 𝑖, 𝑇𝑖 using Eq. (5.57). 
3. Compute the concentration of NaCl using Eq. (5.54) and CO2 based on the method 

developed by Duan and Sun (2003). 
4. Compute the distribution of the aqueous phase composition within each cylindrical 

layer 𝑖 using the CrunchFlow code. 
5. Exporting the mineral composition from the CrunchFlow code to the simulation. 

Flowchart 5.1. Initialisation. 

The mechanical boundary conditions are initially set based on Eqs. (3.36) and (3.37), and 

the temperature profile is calculated based on Eq. (5.57). These conditions enforce a default 

continuity in the rock-cement-casing assemblage while the ITZs could fail from being exposed to 

the underground conditions. Therefore, the uniaxial tensile strength at the ITZs will significantly 

decrease due to the failure, and consequently the effect of the temperature profile will change in 



 

155 
 

the mechanical calculations. Therefore, at the time step zero the continuity at the ITZs should be 

checked in order to update both the uniaxial tensile strength of the ITZs, and the temperature 

profile prior to the calculation of the stress distribution at the time step one. This procedure must 

be conducted, firstly, because the failure at the interfaces affects the solution method for 

calculating the stress distribution within the rock-cement-casing assemblage. Secondly, in order 

to implement the boundary conditions properly, the evolution of the boundary condition which is 

represented in the states 1-9 is based on the radial stress and the failure state of the ITZs. 

 Flowchart 5.2 is a procedure introducing the evolution of the boundary conditions from 

the time step zero to one, where the simulation starts. As shown in Flowchart 5.2, the failure will 

be checked at the casing-cement and the cement-rock interfaces. Flowchart 5.2 is run with the 

presumed continuity at the interfaces in the act 9 of Flowchart 5.2 to calculate the stress 

distribution at the time step zero. This procedure also leads to the calculation of the failure criteria 

at the interfaces. 

The radial stress at the casing-cement and the cement-rock interfaces are shown by 𝜎𝑟,𝑐𝑐 

and 𝜎𝑟,𝑐𝑟 respectively. Flowchart 5.2 shows that interfaces are checked at the time step zero and 

immediately after that the time step one begins at the act 16. This flowchart ensures the proper 

implementation of the boundary conditions. The acts 18 and 19 of in Flowchart 5.2 update the 

temperature profile according to the failure state of the ITZs and the heating process, respectively. 

The tensile strength of the ITZs is also re-calculated based on the criteria represented in the acts 

20 and 21 of Flowchart 5.2. Eventually, the radial stresses at the casing-cement, 𝜎𝑟,𝑐𝑐, and the 

cement-rock interfaces, 𝜎𝑟,𝑐𝑟, are calculated in the act 22. Therefore, the radial stresses and the 

failure states at the ITZs which is computed in the time step one will be prepared to be imported 

into the next steps according to the boundary condition states 1-9. 

1. Importing the mineral composition from the CrunchFlow code into the mechanical 
calculations. 

2. The time step, 𝑗 = 0. 

3. Calculate the Young’s modulus of the cement matrix with the porosity of zero, 𝐸0,𝑖
0 .  

4. Calculate the Young’s modulus, 𝐸𝑖
0, considering the porosity. 

5. Calculate the porosity after the chemical alteration,  𝜙𝑐,𝑖
0  using Eq. (5.64). 

6. Calculate the UCS, 𝑓𝑐,𝑖
0 , and the UTS, 𝑓𝑡,𝑖

0 . 

7. Evaluation of the Biot coefficient, 𝛼𝑖
0, the shear modulus, 𝜇𝑖

0, and Lame’s constant, 𝜆𝑖
0. 

8. 𝑘 = 0 & 𝑑𝑡𝑜𝑡,𝑖
0,𝑘 = 0. 

9. Calculate the stress distribution, 𝜎𝑖
0,𝑘 = (𝜎𝑟,𝑖

0,𝑘, 𝜎𝜃,𝑖
0,𝑘, 𝜎𝑧,𝑖

0,𝑘) at the iteration 𝑘 using Eqs. 

(5.1)-(5.3) and (3.29), and 𝑑𝑡𝑜𝑡,𝑖
0,𝑘  

10. 𝑘:= 𝑘 + 1. 

11. Evaluate the total damage parameter, 𝑑𝑡𝑜𝑡,𝑖
0,𝑘  at the iteration 𝑘 using Eq. (5.13). 

12. If (
1

𝑛
)∑ ‖𝜎𝑖

0,𝑘 − 𝜎𝑖
0,𝑘−1‖ < 휀1

𝑛
𝑖=1  then go to the next step otherwise go to step 9. 

13. 𝑑𝑡𝑜𝑡,𝑖
0 = 𝑑𝑡𝑜𝑡,𝑖

0,𝑘  

14. Evaluate the 휂𝑡,𝑐𝑐
0  and  휂𝑠,𝑐𝑐

0    at the casing-cement interface, 𝑐𝑐. 

15. Evaluate the 휂𝑡,𝑐𝑟
0  and  휂𝑠,𝑐𝑟

0    at the cement-rock interface, 𝑐𝑟. 

16. The time step, 𝑗 = 1. 
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17. 𝜎𝑖
1,𝑘 = 𝜎𝑖

0,𝑘. 

18. If (휂𝑡,𝑐𝑐
0 ≥ 1) | (휂𝑠,𝑐𝑐

0 ≥ 1) | (휂𝑡,𝑐𝑟
0 ≥ 1) | (휂𝑠,𝑐𝑟

0 ≥ 1) & ∆𝑇𝑖 < 0 then 𝑇𝑖 = 𝑇𝑑. 

19. If ∆𝑇𝑖 ≥ 0, 𝑇𝑖 = 𝑇𝑑 + ∆𝑇𝑖. 
20. If (휂𝑡,𝑐𝑐

0 ≥ 1) | (휂𝑠,𝑐𝑐
0 ≥ 1) then 𝑓𝑡,𝑐𝑐 = 휀2. 

21. If (휂𝑡,𝑐𝑟
0 ≥ 1) | (휂𝑠,𝑐𝑟

0 ≥ 1) then 𝑓𝑡,𝑐𝑟 = 휀2. 

22. Calculate 𝜎𝑟,𝑐𝑐 and 𝜎𝑟,𝑐𝑟. 
23. Choose the type of boundary conditions (from states 1-9) and then calculate the 

mechanical alteration based on that. 

Flowchart 5.2. Transition from the time step zero to the time step one. 

5.7.3.2 Step 2. Resolution of boundary conditions  

Boundary conditions change as a function of the failure and the stress states at the ITZs. The 

states 1-9 outline the evolution of the boundary conditions throughout time using the failure state 

and the radial stress at the location of the ITZs. The profile of temperature is also a function of 

the failure state. Flowchart 5.3 summarises the mechanical initialisation which updates the 

temperature profile and 𝜎𝑟,𝑐𝑐 and 𝜎𝑟,𝑐𝑟 at each time step. 

1. Exporting the mineral composition from the CrunchFlow output files, 𝑉𝑖
𝑗,𝑜𝑙𝑑

. 

2. The time step is 𝑗 

3. Calculate the Young’s modulus of the cement matrix with a porosity of zero, 𝐸0,𝑖
𝑗

,  

4. Calculate the Young’s modulus, 𝐸𝑖
𝑗
, considering the porosity. 

5. Calculate the porosity after the chemical alteration,  𝜙𝑐,𝑖
𝑗

 using Eq. (5.64). 

6. Calculate the UCS, 𝑓𝑐,𝑖
𝑗
, and the UTS, 𝑓𝑡,𝑖

𝑗
. 

7. If (휂𝑡,𝑖
𝑗−1

≥ 1) | (휂𝑠,𝑖
𝑗−1

≥ 1) then 𝑓𝑡,𝑖
𝑗
= 휀2. 

8. Evaluation of the Biot coefficient, 𝛼𝑖
𝑗
, the shear modulus, 𝜇𝑖

𝑗
, and Lame’s constant, 𝜆𝑖

𝑗
. 

9. 𝑘 = 0 & 𝑑𝑡𝑜𝑡,𝑖
𝑗,𝑘

= 𝑑𝑡𝑜𝑡,𝑖
𝑗−1

. 

10. Calculate the stress distribution, 𝜎𝑖
𝑗,𝑘
= (𝜎𝑟,𝑖

𝑗,𝑘
, 𝜎𝜃,𝑖

𝑗,𝑘
, 𝜎𝑧,𝑖

𝑗,𝑘
) at the iteration 𝑘 using Eqs. 

(5.1)-(5.3) and (3.29),  and 𝑑𝑡𝑜𝑡,𝑖
𝑗,𝑘

 

11. 𝑘:= 𝑘 + 1. 

12. Evaluate the total damage parameter, 𝑑𝑡𝑜𝑡,𝑖
𝑗,𝑘

 at the iteration 𝑘 using Eq. (5.13). 

13. If (
1

𝑛
)∑ ‖𝜎𝑖

𝑗,𝑘
− 𝜎𝑖

𝑗,𝑘−1
‖ < 휀1

𝑛
𝑖=1  then go to the next step otherwise go to step 10. 

14. If (휂𝑡,𝑐𝑐
𝑗−1

≥ 1) | (휂𝑠,𝑐𝑐
𝑗−1

≥ 1) | (휂𝑡,𝑐𝑟
𝑗−1

≥ 1) | (휂𝑠,𝑐𝑟
𝑗−1

≥ 1) & ∆𝑇𝑖 < 0 then 𝑇𝑖 = 𝑇𝑑. 

15. If ∆𝑇𝑖 ≥ 0 then 𝑇𝑖 = 𝑇𝑑 + ∆𝑇𝑖. 
16. Calculate 𝜎𝑟,𝑐𝑐 and 𝜎𝑟,𝑐𝑟. 
17. Choose the type of boundary conditions (from states 1-9) and then calculate the 

mechanical alteration based on that. 

Flowchart 5.3. Mechanical initialisation for each time step. 

At each time step, after the calculation of the stress distribution, the profile of the porosity 

and the mineral composition should be updated and imported into the geochemical simulation 

part as expressed in Flowchart 5.4. 
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1. Calculate Δ𝜙𝑚,𝑖
𝑗

 using Eq. (5.63) and updating porosity as: 𝜙𝑖
𝑗
= 𝜙𝑐,𝑖

𝑗−1
+ Δ𝜙𝑚,𝑖

𝑗
. 

2. Calculate 휂𝑡,𝑖
𝑗

, 휂𝑠,𝑖
𝑗

, and 휂𝑑,𝑖
𝑗

 

3. Calculate Δ𝜙𝑏,𝑖
𝑗

 using Eq. (5.47) and updating porosity as :𝜙𝑖
𝑗
= 𝜙𝑐,𝑖

𝑗−1
+ Δ𝜙𝑚,𝑖

𝑗
+ Δ𝜙𝑏,𝑖

𝑗
. 

4. Change the volume fraction of minerals as: 𝑉𝑖
𝑗,𝑛𝑒𝑤

= (
1−𝜙𝑖

𝑗

1−𝜙
𝑐,𝑖
𝑗 )𝑉𝑖

𝑗,𝑜𝑙𝑑
. 

5. Importing the new profile of the porosity and the mineral composition into the 
CrunchFlow code. 

6. Geochemical calculation conducted by the CrunchFlow code. 
7. Go to Flowchart 5.3. 

Flowchart 5.4. Updating the profile of the porosity and the mineral composition. 

5.7.3.2.1 Boundary condition 1 

This boundary condition dominates if one of the following states is found at ITZs: 

State 1: ((휂𝑡,𝑐𝑐
𝑗−1

< 1)&(휂𝑠,𝑐𝑐
𝑗−1

< 1))& ((휂𝑡,𝑐𝑟
𝑗−1

< 1)&(휂𝑠,𝑐𝑟
𝑗−1

< 1)) 

State 2: ((휂𝑡,𝑐𝑐
𝑗−1

≥ 1)|(휂𝑠,𝑐𝑐
𝑗−1

≥ 1))&((휂𝑡,𝑐𝑟
𝑗−1

< 1)&(휂𝑠,𝑐𝑟
𝑗−1

< 1))& (𝜎𝑟,𝑐𝑐 ≥ 0) 

State 3: ((휂𝑡,𝑐𝑐
𝑗−1

< 1)&(휂𝑠,𝑐𝑐
𝑗−1

< 1))& ((휂𝑡,𝑐𝑟
𝑗−1

≥ 1)|(휂𝑠,𝑐𝑟
𝑗−1

≥ 1))& (𝜎𝑟,𝑐𝑟 ≥ 0) 

State 4: ((휂𝑡,𝑐𝑐
𝑗−1

≥ 1)|(휂𝑠,𝑐𝑐
𝑗−1

≥ 1))&((휂𝑡,𝑐𝑟
𝑗−1

≥ 1)|(휂𝑠,𝑐𝑟
𝑗−1

≥ 1))& (𝜎𝑟,𝑐𝑐 ≥ 0)&(𝜎𝑟,𝑐𝑟 ≥ 0) 

This boundary condition describes the situation where interfacial transition zones are 

intact or failed but they are still under the compressive stress from both sides. Under this boundary 

condition, the rock-cement-casing assemblage is assumed to act similar to a continuous solid 

with two mechanical boundary conditions. Flowchart 5.5 shows the method for implementing the 

boundary condition 1. 

1. 𝜎𝑟 = 𝜎𝑖𝑛−𝑠𝑖𝑡𝑢 𝑜𝑛 𝑟 = 𝑅𝑡ℎ. 
2. 𝜎𝑟 = 𝑝𝑖𝑛𝑠𝑖𝑑𝑒 𝑜𝑛 𝑟 = 𝑅𝑖,𝑐𝑎𝑠𝑖𝑛𝑔. 

3. 𝑘 = 0 & 𝑑𝑡𝑜𝑡,𝑖
𝑗,𝑘

= 𝑑𝑡𝑜𝑡,𝑖
𝑗−1

. 

4. Calculate the stress distribution, 𝜎𝑖
𝑗,𝑘
= (𝜎𝑟,𝑖

𝑗,𝑘
, 𝜎𝜃,𝑖

𝑗,𝑘
, 𝜎𝑧,𝑖

𝑗,𝑘
) at the iteration 𝑘 using Eqs. 

(5.1)-(5.3) and (3.29), and 𝑑𝑡𝑜𝑡,𝑖
𝑗,𝑘

. 

5. 𝑘:= 𝑘 + 1. 

6. Evaluate the total damage parameter, 𝑑𝑡𝑜𝑡,𝑖
𝑗,𝑘

 at the iteration 𝑘 using Eq. (5.13). 

7. If (
1

𝑛
)∑ ‖𝜎𝑖

𝑗,𝑘
− 𝜎𝑖

𝑗,𝑘−1
‖ < 휀1

𝑛
𝑖=1  then go to the next step otherwise go to step 4. 

8. 𝑑𝑡𝑜𝑡,𝑖
𝑗

= 𝑑𝑡𝑜𝑡,𝑖
𝑗,𝑘

. 

9. Go to Flowchart 5.4. 

Flowchart 5.5. Boundary condition 1 characterising states 1-4. 

5.7.3.2.2 Boundary condition 2 

This boundary condition dominates if one of the following states is found at ITZs: 

State 5: ((휂𝑡,𝑐𝑐
𝑗−1

≥ 1)|(휂𝑠,𝑐𝑐
𝑗−1

≥ 1))&((휂𝑡,𝑐𝑟
𝑗−1

< 1)&(휂𝑠,𝑐𝑟
𝑗−1

< 1))& (𝜎𝑟,𝑐𝑐 < 0) 

State 6: ((휂𝑡,𝑐𝑐
𝑗−1

≥ 1)|(휂𝑠,𝑐𝑐
𝑗−1

≥ 1))&((휂𝑡,𝑐𝑟
𝑗−1

≥ 1)|(휂𝑠,𝑐𝑟
𝑗−1

≥ 1))& (𝜎𝑟,𝑐𝑐 < 0)&(𝜎𝑟,𝑐𝑟 ≥ 0) 
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This boundary condition describes the failure at the casing-cement interface which is also 

under tensile stress. The cement-rock interface is assumed to be either intact, or failed but under 

the compressive stress. This situation is interpreted as a continuous cement-rock interface. As 

can be seen in Flowchart 5.6, the radial stress on 𝑅𝑜,𝑐𝑎𝑠𝑖𝑛𝑔 is assumed to be zero, due to the 

separation and acting of the tensile stress on this surface (𝜎𝑟,𝑐𝑐 < 0). 

1. 𝑘 = 0 & 𝑑𝑡𝑜𝑡,𝑖
𝑗,𝑘

= 𝑑𝑡𝑜𝑡,𝑖
𝑗−1

. 

2. Casing boundary condition 1: 𝜎𝑟 = 𝑝𝑖𝑛𝑠𝑖𝑑𝑒 𝑜𝑛 𝑟 = 𝑅𝑖,𝑐𝑎𝑠𝑖𝑛𝑔. 

3. Casing boundary condition 2: 𝜎𝑟 = 0 𝑜𝑛 𝑟 = 𝑅𝑜,𝑐𝑎𝑠𝑖𝑛𝑔. 

4. Cement-rock boundary condition 1: 𝜎𝑟 = 0 𝑜𝑛 𝑟 = 𝑅𝑜,𝑐𝑎𝑠𝑖𝑛𝑔. 

5. Cement-rock boundary condition 2: 𝜎𝑟 = 𝜎𝑖𝑛−𝑠𝑖𝑡𝑢 𝑜𝑛 𝑟 = 𝑅𝑡ℎ. 

6. Calculate the stress distribution for the casing, 𝜎𝑖
𝑗,𝑘
= (𝜎𝑟,𝑖

𝑗,𝑘
, 𝜎𝜃,𝑖

𝑗,𝑘
, 𝜎𝑧,𝑖

𝑗,𝑘
) at the iteration 𝑘 

using Eqs. (5.1)-(5.3) and (3.29),  and 𝑑𝑡𝑜𝑡,𝑖
𝑗,𝑘

. 

7. Calculate the stress distribution for the cement-rock, 𝜎𝑖
𝑗,𝑘
= (𝜎𝑟,𝑖

𝑗,𝑘
, 𝜎𝜃,𝑖

𝑗,𝑘
, 𝜎𝑧,𝑖

𝑗,𝑘
) at the 

iteration 𝑘 using Eqs. (5.1)-(5.3) and 𝑑𝑡𝑜𝑡,𝑖
𝑗,𝑘

. 

8. 𝑘:= 𝑘 + 1. 

9. Evaluate the total damage parameter, 𝑑𝑡𝑜𝑡,𝑖
𝑗,𝑘

 at the iteration 𝑘 using Eq. (5.13). 

10. If (
1

𝑛
)∑ ‖𝜎𝑖

𝑗,𝑘
− 𝜎𝑖

𝑗,𝑘−1
‖ < 휀1

𝑛
𝑖=1  then go to the next step otherwise go to step 6. 

11. 𝑑𝑡𝑜𝑡,𝑖
𝑗

= 𝑑𝑡𝑜𝑡,𝑖
𝑗,𝑘

. 

12. Go to Flowchart 5.4. 

Flowchart 5.6. Boundary condition 2 characterising states 5-6. 

5.7.3.2.3 Boundary condition 3 

This boundary condition dominates if one of the following states is found at ITZs: 

State 7: ((휂𝑡,𝑐𝑐
𝑗−1

< 1)&(휂𝑠,𝑐𝑐
𝑗−1

< 1))& ((휂𝑡,𝑐𝑟
𝑗−1

≥ 1)|(휂𝑠,𝑐𝑟
𝑗−1

≥ 1))& (𝜎𝑟,𝑐𝑟 < 0) 

State 8: ((휂𝑡,𝑐𝑐
𝑗−1

≥ 1)|(휂𝑠,𝑐𝑐
𝑗−1

≥ 1))&((휂𝑡,𝑐𝑟
𝑗−1

≥ 1)|(휂𝑠,𝑐𝑟
𝑗−1

≥ 1))& (𝜎𝑟,𝑐𝑐 ≥ 0)&(𝜎𝑟,𝑐𝑟 < 0) 

Flowchart 5.7 describes the procedure for the calculation of the stress distribution when 

the casing-cement interface is either intact, or fails but under the compressive stress, while the 

cement-rock interface fails and is under the tensile stress. This situation is assumed to be similar 

to a continuous casing-cement phase which is separated from the rock. The combination of the 

failure of the cement-rock interface and the tensile radial stress at this interface is considered 

analogue to the boundary conditions in acts 2-5 of Flowchart 5.7. 

1. 𝑘 = 0 & 𝑑𝑡𝑜𝑡,𝑖
𝑗,𝑘

= 𝑑𝑡𝑜𝑡,𝑖
𝑗−1

. 

2. Casing-cement boundary condition 1: 𝜎𝑟 = 𝑝𝑖𝑛𝑠𝑖𝑑𝑒 𝑜𝑛 𝑟 = 𝑅𝑖,𝑐𝑎𝑠𝑖𝑛𝑔. 

3. Casing-cement boundary condition 2: 𝜎𝑟 = 0 𝑜𝑛 𝑟 = 𝑅𝑜,𝑐𝑒𝑚𝑒𝑛𝑡. 
4. Rock boundary condition 1: 𝜎𝑟 = 0 𝑜𝑛 𝑟 = 𝑅𝑜,𝑐𝑒𝑚𝑒𝑛𝑡. 
5. Rock boundary condition 2: 𝜎𝑟 = 𝜎𝑖𝑛−𝑠𝑖𝑡𝑢 𝑜𝑛 𝑟 = 𝑅𝑡ℎ. 

6. Calculate the stress distribution for the casing-cement, 𝜎𝑖
𝑗,𝑘
= (𝜎𝑟,𝑖

𝑗,𝑘
, 𝜎𝜃,𝑖

𝑗,𝑘
, 𝜎𝑧,𝑖

𝑗,𝑘
) at the 

iteration 𝑘 using Eqs. (5.1)-(5.3) and (3.29),  and 𝑑𝑡𝑜𝑡,𝑖
𝑗,𝑘

. 

7. Calculate the stress distribution for the rock, 𝜎𝑖
𝑗,𝑘
= (𝜎𝑟,𝑖

𝑗,𝑘
, 𝜎𝜃,𝑖

𝑗,𝑘
, 𝜎𝑧,𝑖

𝑗,𝑘
) at the iteration 𝑘 

using Eqs. (5.1)-(5.3) and (3.29),  and 𝑑𝑡𝑜𝑡,𝑖
𝑗,𝑘

. 
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8. 𝑘:= 𝑘 + 1. 

9. Evaluate the total damage parameter, 𝑑𝑡𝑜𝑡,𝑖
𝑗,𝑘

 at the iteration 𝑘 using Eq (5.13). 

10. If (
1

𝑛
)∑ ‖𝜎𝑖

𝑗,𝑘
− 𝜎𝑖

𝑗,𝑘−1
‖ < 휀1

𝑛
𝑖=1  then go to the next step otherwise go to step 6. 

11. 𝑑𝑡𝑜𝑡,𝑖
𝑗

= 𝑑𝑡𝑜𝑡,𝑖
𝑗,𝑘

. 

12. Go to Flowchart 5.4. 

Flowchart 5.7. Boundary condition 3 characterising states 7-8. 𝑅𝑜,𝑐𝑒𝑚𝑒𝑛𝑡 is the outside radius of 

the cement sheath. 

5.7.3.2.4 Boundary condition 4 

This boundary condition dominates if one of the following states is found at ITZs: 

State 9: ((휂𝑡,𝑐𝑐
𝑗−1

≥ 1)|(휂𝑠,𝑐𝑐
𝑗−1

≥ 1))&((휂𝑡,𝑐𝑟
𝑗−1

≥ 1)|(휂𝑠,𝑐𝑟
𝑗−1

≥ 1))& (𝜎𝑟,𝑐𝑐 < 0)&(𝜎𝑟,𝑐𝑟 < 0) 

State 9 characterises a rock-cement-casing assemblage, where the ITZs failed and they 

are under the tensile stress. This situation is assumed to be similar to three separate solid phases.  

The boundary conditions are outlined in acts 2-5 of Flowchart 5.8. In this state, the cement sheath 

is only under the effect of the fluid pressure, and as represented in act 7 of Flowchart 5.8, the 

pressure distribution in all direction equals the fluid pressure, 𝑝. 

1. 𝑘 = 0 & 𝑑𝑡𝑜𝑡,𝑖
𝑗,𝑘

= 𝑑𝑡𝑜𝑡,𝑖
𝑗−1

. 

2. Casing boundary condition 1: 𝜎𝑟 = 𝑝𝑖𝑛𝑠𝑖𝑑𝑒 𝑜𝑛 𝑟 = 𝑅𝑖,𝑐𝑎𝑠𝑖𝑛𝑔. 

3. Casing boundary condition 2: 𝜎𝑟 = 0 𝑜𝑛 𝑟 = 𝑅𝑜,𝑐𝑎𝑠𝑖𝑛𝑔. 

4. Rock boundary condition 1: 𝜎𝑟 = 0 𝑜𝑛 𝑟 = 𝑅𝑜,𝑐𝑒𝑚𝑒𝑛𝑡. 

5. Rock boundary condition 2: 𝜎𝑟 = 𝜎𝑖𝑛−𝑠𝑖𝑡𝑢 𝑜𝑛 𝑟 = 𝑅𝑡ℎ. 

6. Calculate the stress distribution for the casing, 𝜎𝑖
𝑗,𝑘
= (𝜎𝑟,𝑖

𝑗,𝑘
, 𝜎𝜃,𝑖

𝑗,𝑘
, 𝜎𝑧,𝑖

𝑗,𝑘
) at the iteration 𝑘 

using Eqs. (5.1)-(5.3) and (3.29),  and 𝑑𝑡𝑜𝑡,𝑖
𝑗,𝑘

. 

7. Stress distribution in the cement sheath, 𝜎𝑖
𝑗,𝑘
= (𝑝, 𝑝, 𝑝) 

8. Calculate the stress distribution for the rock, 𝜎𝑖
𝑗,𝑘
= (𝜎𝑟,𝑖

𝑗,𝑘
, 𝜎𝜃,𝑖

𝑗,𝑘
, 𝜎𝑧,𝑖

𝑗,𝑘
) at the iteration 𝑘 

using Eqs. (5.1)-(5.3) and (3.29), and 𝑑𝑡𝑜𝑡,𝑖
𝑗,𝑘

. 

9. 𝑘 = 𝑘 + 1. 

10. Evaluate the total damage parameter, 𝑑𝑡𝑜𝑡,𝑖
𝑗,𝑘

 at the iteration 𝑘 using Eq. (5.13). 

11. If (
1

𝑛
)∑ ‖𝜎𝑖

𝑗,𝑘
− 𝜎𝑖

𝑗,𝑘−1
‖ < 휀1

𝑛
𝑖=1  then go to the next step otherwise go to step 6. 

12. 𝑑𝑡𝑜𝑡,𝑖
𝑗

= 𝑑𝑡𝑜𝑡,𝑖
𝑗,𝑘

. 

13. Go to Flowchart 5.4. 

Flowchart 5.8. Boundary condition 4 characterising state 9. 

5.8 Verification of methodology 

The method developed in this chapter is composed of two main sections of chemical and 

mechanical calculations. As the fluid pressure and the temperature is considered higher than the 

critical pressure and temperature of CO2, respectively, it will be in the supercritical state. On the 

other hand, it is also assumed that CO2 is completely dissolved in brine and all the pores of the 

cement matrix are filled by single-phase fluids. This results in the independence of the chemical 

reactions from the mechanical calculations. Therefore, the iterative approach which has been 

used for coupling the chemical and the mechanical alterations is an appropriate method. The 

alteration of the cement sheath as the only existing solid phase which is exposed to CO2-bearing 
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fluids was modelled in the work of Bagheri, Shariatipour, and Ganjian (2019b). Their study was 

aimed at modelling two probable phenomena of the radial cracking and the compaction within the 

affected layers of the cement sheath. Both the propagation of the cracks and the compaction of 

the outer layers close to the cement-rock interface were investigated. They reproduced the 

penetration depth of the chemical reaction fronts which are reported in the works of Kutchko et 

al. (2008) and Liteanu and Spiers (2011). Their work showed a reasonable agreement with the 

reported penetration depth of the reaction fronts. 

This chapter provides an explicit methodology explaining the occurrence of each 

phenomenon as a function of the conditions found underground. This methodology models the 

behaviour of the entire rock-cement-casing assemblage. Mito, Xue, and Satoh (2015) conducted 

an experiment on the rock-cement-casing assemblage to explore the integrity of a well exposed 

to either of CO2 or N2 under wet, saturated, and wet-saturated conditions. They exposed the well 

cement samples to supercritical CO2, CO2-saturated brine, and both CO2 and CO2-saturated 

brine. A cylindrical rock-cement-casing assemblage was prepared to imitate an abandoned well. 

The API Grade J-55 was chosen for the casing. A cement slurry was prepared by mixing Ordinary 

Portland cement with water according the ratio 1/0.46 for making Class A cement suggested by 

American Petroleum Institute (2002). The prepared samples were cured in pure water at room 

conditions for three days. Three samples were placed in a pressure vessel. The uppermost 

sample was in contact with water-saturated supercritical CO2, the bottom-most was in contact 

with CO2-saturated brine, and the middle one was in contact with both wet CO2 and CO2-saturated 

brine. The batch experiments were run for the duration of 3, 14, 28, and 56 days. The pH value 

was monitored during the experiments. After each of the experiments the inner part of the samples 

were imaged. The elemental mapping, the pore structures, and the chemical composition of the 

samples were analysed, and a detailed mineralogical determination was also performed. Table 

5.3 shows the main inputs for simulating the CO2-saturated experiments conducted in (Mito, Xue, 

and Satoh 2015). The initial composition, UCS, UTS, and the Young’s modulus are calculated 

using Section 5.7.1. 

Table 5.3. Properties for simulating the CO2-saturated experiments conducted by Mito, Xue, and 

Satoh (2015). 

This item has been removed due to 3rd Party Copyright. The unabridged version of 
the thesis can be found in the Lanchester Library, Coventry University. 
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Figure 5.5 shows the alteration depth in the cement sheath reproduced using the 

methodology represented in this chapter versus the experimental data reported by Mito, Xue, and 

Satoh (2015). The alteration depth in Figure 5.5 is defined as the distance from the cement-rock 

interface to the locations in which the porosity value decreases to below 0.14. This is the zone 

within the cement sheath where calcite gradually begins to precipitate. The Portlandite dissolution 

is responsible for an increase in the porosity although this process occurs at deeper points within 

the cement sheath. The porosity change due to the Portlandite dissolution is not comparable with 

the effect of the calcite precipitation on the porosity. The studies in this chapter and in the works 

of Bagheri, Shariatipour, and Ganjian (2019b) confirm that the Portlandite dissolution covers an 

extensive area which is deeper than the calcite precipitation zone. This is due to the high 

sensitivity of Portlandite to the reduction of pH. It was observed that the calcite precipitation zone 

is generally a thin layer at the shallower depths of the cement sheath limiting the diffusion of more 

carbon species into the cement sheath. As can be understood from Figure 5.5, the simulation 

results are in acceptable agreement with the experimental data.  

In this simulation, the carbonation depth is defined as the location within the cement 

sheath where the porosity reduces to a minimum value. Carbonation results in the formation of 

calcite reducing the porosity and increasing the strength (Fabbri et al. 2009). To simulate the 

carbonation depth reported by Mito, Xue, and Satoh (2015), the minimum porosity is associated 

with the highest calcite precipitation where the porosity lowers than 0.10. The simulated 

carbonation depth in Figure 5.6 provides a satisfactory prediction for the experimental data 

reported by Mito, Xue, and Satoh (2015). 

  

This item has been removed due to 3rd Party Copyright. The unabridged 
version of the thesis can be found in the Lanchester Library, Coventry 

University. 
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Figure 5.5. The alteration depth of the cement sheath from the experiments in (Mito, Xue, and 

Satoh 2015) versus the simulated alteration depth. 

Figure 5.6. The ingress of the carbonation front into the cement sheath from the experiments in 

(Mito, Xue, and Satoh 2015) compared to the predicted carbonation depth. 

 

This item has been removed due to 3rd Party Copyright. The 
unabridged version of the thesis can be found in the Lanchester 

Library, Coventry University. 

This item has been removed due to 3rd Party Copyright. The unabridged 
version of the thesis can be found in the Lanchester Library, Coventry 

University. 
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Figure 5.7. The stress state considered in (Liu, Yu, and Deng 2017). 

Liu, Yu, and Deng (2017) investigated their analytical model developed for the calculation 

of the stress field in the rock-cement-casing assemblage. They verified their analytical models by 

comparison to the results obtained from a finite element analysis (FEA) as the numerical method 

which is widely applied for tackling complex geometries. In this section, the FEA results in (Liu, 

Yu, and Deng 2017) are also used to examine the validity of the part for the geomechanical 

simulation. The geometrical and mechanical properties are outlined in Table 5.4, and the rest of 

the input properties are assumed to be similar to the information given in Section 5.7.1. As shown 

in Figure 5.7, the inside pressure is equal to 34 MPa, the in-situ horizontal stress at 0° direction 

is 82 MPa, and the in-situ horizontal stress at 90° direction is 55 MPa. The Finite element analysis 

(FEA) in (Liu, Yu, and Deng 2017) were conducted with considering two states of boundaries 

including fixed boundaries referred to as the surface pressure state and the boundaries which are 

far away from the cement-rock interface referred to as the initial stress state in Figure 5.8. As the 

model presented in this chapter is developed based on the surface pressure state, it can be 

observed that the behaviour of this model is close to the FEA-surface pressure curves in Figure 

5.8.  The model is run at both the in-situ horizontal stresses of 55 and 82 MPa to be compared 

with the results in (Liu, Yu, and Deng 2017). It can be seen that the reproduced 𝜎𝜃 curves match 

to a reasonable degree with the published results within the cement and rock areas while 𝜎𝑟 

shows a considerable difference close to the casing-cement interfaces. This is due to the 

cylindrical boundary assumed in this chapter compared to the boundaries in  (Liu, Yu, and Deng 

2017) as shown in Figure 5.7.  

This item has been removed due to 3rd Party Copyright. The 
unabridged version of the thesis can be found in the Lanchester 

Library, Coventry University. 
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Figure 5.8. Comparison of the profile of the stress distribution in (a) the r-direction, and (b) 휃-

direction with the results presented in (Liu, Yu, and Deng 2017). 

Table 5.4. Input properties for the model of  (Liu, Yu, and Deng 2017). 

To the author’s knowledge, there is a dearth of information pertaining to the tri-axial 

loading on the rock-cement-casing assemblage while they are under the effect of CO2-bearing 

fluids. Therefore, the verification of the methodology represented in this chapter is subject to 

further experimental studies. Nevertheless, this section shows that the modelling approach 

represented provides a reasonable prediction for the alteration and carbonation depths. 

5.9 Results and discussions 

In this section, the alteration of the rock-cement-casing assemblage is investigated for two cases. 

The first case considers an abandoned well which is exposed to CO2-bearing fluids, and in the 

second case, an injection well is investigated which has been left after 2.5 years of CO2 injection. 

The cases are investigated in a five-year time period, and the ultimate lifespan of the ITZs and 

the cement sheath are predicted based on the extrapolation of their performance in this period. 

This is due to the high computational time which is required to simulate time periods more than 

thousands years. In addition, it is considered to prevent increasing trends in the truncation and 

the round-off errors which make outputs unreliable. 

5.9.1 Abandoned well 

Under the abandonment conditions, wells have been left dried or inactive. The temperature of an 

abandoned well reaches an equilibrium with the surrounding formation with time. It can be 

This item has been removed due to 3rd Party Copyright. The unabridged version of the 
thesis can be found in the Lanchester Library, Coventry University. 

This item has been removed due to 3rd Party Copyright. The unabridged version of the thesis can be 
found in the Lanchester Library, Coventry University. 
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considered to be equal to the temperature of the surrounding formations calculated using Eq. 

(5.55) which is a function of the depth. For an abandoned well the pressure on the inside wall of 

the well casing is equal to 2.95 MPa as explained in Section 5.7.1.7. The interfacial transition 

zones are the most vulnerable zones to be altered due to their lower UCS and UTS compared to 

the other zones within the rock-cement-casing assemblage. On the other hand, the cement 

sheath is assumed to be the only reactive solid phase. The cement sheath with a lower UCS and 

UTS compared to the rock and casing, it will be more susceptible to the alteration process. 

Therefore, the behaviour of the ITZs and the cement sheath have been studied throughout a five-

year time period. 

Figure 5.9 shows that the casing-cement interface is not affected by the invasion of CO2-

bearing fluids during five years. The extrapolation of graphs in Figure 5.9 exhibits an indefinite 

lifespan for the casing-cement interface for an abandoned well. The cement-rock interface is 

compacted once being exposed to CO2-bearing fluids as shown in Figure 5.10 (c). The 

compaction of the cement-rock interface prevents escaping of CO2 vertically towards the upper 

formations. It also limits the invasion of carbon species into the deeper parts of the cement sheath. 

This phenomenon occurs due to a decrease in the porosity of the cement-rock interface. The cap 

surface shrinks due to the degradation of the outermost layers of the cement sheath. This process 

results in the situating of the stress state within the inelastic-compaction area, as shown in Figure 

5.2. It should be noted that the deformation resulting from the compaction process does not 

increase the strength of ITZs, because it is the cohesive strength of two materials is a function of 

their chemistry rather than their mechanical properties. The comparison of Figure 5.10 (a) with 

Figure 5.10 (c) signifies that an element could not simultaneously experience the formation of 

DSB and CSB as shown in Figure 5.4. The behaviour of the entire cement sheath is similar to the 

casing-cement interface as shown in Figure 5.11. This is due to the compaction of the cement-

rock interface and the carbonation process at depths close to the cement-rock interface. 

Consequently, a significant part of the inner layers of cement sheath and the casing-cement 

interface will be protected from CO2 attack.  

The layers of the cement sheath degrade due to the gradual dissolution of Portlandite. 

These layers remain within the elastic zone and the change in the stress distribution is negligible. 

After a while, the elastic compaction of the mildly degraded layers increases the strength again. 

Therefore, a reduction and then an increase in the strength within the elastic zone forms the 

fluctuation in Figure 5.9  (a-b) and Figure 5.11 (a-b). These fluctuations shift towards larger times 

with decreasing in depth, this is due to the low concentration of CO2 at shallower depths resulted 

from the low fluid pressure. This means that the pH of CO2-bearing fluids is lower, thus they have 

a lower capability to impact the cement sheath. It can be deduced from Figures 5.9-5.11 that 

abandoned wells will retain their integrity for an indefinite length of time. Although the trends of 

curves in Figures 5.9-5.11 cannot be detected easily due to the large scale of y-axis, the lifespans 

of the ITZs and the cement sheath is calculated using the extrapolation of those trends as shown 
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in Figure 5.12. This figure simply shows that the cement-rock interface of the abandoned well is 

compacted immediately after being invaded by CO2-bearing fluids. It can be observed that the 

rock-cement-casing assemblage remains intact. 

 

Figure 5.9. (a) Change in the value of the shear failure criterion, 휂𝑠; (b) the tensile failure criterion, 

휂𝑡; (c) and the deformation criterion, 휂𝑑, at the different depths for the casing-cement interfacial 

transition zone under the abandonment conditions. 

 

Figure 5.10. (a) Change in the value of the shear failure criterion, 휂𝑠; (b) the tensile failure criterion, 

휂𝑡; (c) and the deformation criterion, 휂𝑑, at the different depths for the cement-rock interfacial 

transition zone under the abandonment conditions. 

 

Figure 5.11. (a) Change in the value of the shear failure criterion, 휂𝑠; (b) the tensile failure criterion, 

휂𝑡; (c) and the deformation criterion, 휂𝑑, at the different depths for the entire cement sheath under 

the abandonment conditions. 
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Figure 5.12. The lifespan of the casing-cement and cement-rock interfaces, and the cement 

sheath for an abandoned well. 

5.9.2 Injection well 

Table 5.5 summarises the alteration of the ITZs at the time step of zero for Figure 5.13 and Figure 

5.14. Figures 5.13-5.15 represent the alteration in the failure and the defamation criteria for a well 

which has been used as a CO2 injection well for 2.5 years. After this period the injection process 

is stopped, and the well is plugged and abandoned. During the injection period, the inside 

temperature is considered to be 30 ℃. After plugging, the temperature in the well reaches again 

to the temperature of the surrounding formations. 

As outlined in Table 5.5, once CO2 is injected (i.e., the time step of zero) at deeper points 

of a well the casing-cement interface will fail due to the tensile stress created by a reduction in 

the temperature. The temperature inside the well drops from the formation temperature to the 

CO2 injection temperature of 30 ℃. This decrease leads to the creation of a tensile stress at the 

casing-cement interface. Indeed, both the casing and the cement sheath start contracting with a 

decrease in temperature. The coefficient of thermal expansion for the cement and the casing are 

different, thus their volume contraction at the cement-casing interface would not be the same. 

This phenomenon leads to a tension at the casing-cement interface. Based on Eq. (5.59) the 

uniaxial compressive strength of the cement-casing interface is a fraction of that strength for the 

cement sheath. Consequently, the uniaxial tensile strength is also lower than that value for the 

cement sheath. This implies that in the presence of a tension the casing-cement interface will be 

more prone to failure rather than the cement sheath. The cement-rock interface retains its integrity 

at the time step zero except at the depth of 2500 m which fails due to the shear stress. The shear 
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failure of the cement-rock interface at the depth of 2500 m occurs after the tensile failure of the 

casing–cement interface and prior to the time step one (before 30 days). In this case, the cement-

rock interface loses its durability due to the early invasion of CO2-bearing fluids and will be 

converted to a potential zone which later on will be failed due to the shear stress. Calculations in 

this chapter show that the stresses in the r-direction and the 휃-direction are close to each other 

while the difference between them and the stress in the z-direction increases with depth. In 

addition, the early degradation of the cement sheath due to CO2 attack at the locations nearby 

the injection points increases the tendency of the cement sheath to be failed due to both the 

increased shear stress and the low strength of the outermost layers of the cement sheath. 

Table 5.5. The status of the ITZs at the time step of zero for a well used for CO2 injection for 2.5 

years which is abandoned afterwards. (N: the ITZ is in the elastic zone and intact) 

Depth (m) 

The type of band 

The casing-cement 

interface 
The cement-rock interface 

800 N N 

1140 N N 

1480 PDB N 

1820 PDB N 

2160 PDB N 

2500 PDB DSB 

 

Figure 5.13 (a) and Table 5.5 show that the casing-cement interface will never encounter 

a shear failure. The casing-cement interface at shallower depths (800 and 1140 m) remains safe 

while at the deeper locations it fails due to the tensile stress created by increasing temperature 

difference between the injection fluid and the formation. At deeper locations, the temperature of 

formation is higher than that at the shallower depths while the temperature of injected CO2 

remains around 30 ℃. This results in a larger temperature difference at deeper locations. This 

process reduces the UTS of the casing-cement interface to a very small value, 휀2, as represented 

in Flowchart 5.2. This is the reason for a significant reduction in 휂𝑡 at depths more than 1140 m. 

Figure 5.13 explains that after forming PDBs at the casing-cement interface in deep points of the 

well, the effect of the tensile stress diminishes. This is due to the inability of the casing-cement 

interface to transmit the tensile stress. Actually, the casing is separated from the cement sheath; 

therefore the pulling force, which is created due to tensile stress, on the each end-sides of the 

casing-cement assemblage will not affect the other side. This case is included in Flowchart 5.2 

(acts 18-19) and Flowchart 5.3 (acts 14-15). The in-situ horizontal stress from the surrounding 



 

169 
 

formations pushes back the cement sheath to the casing wall. It can be claimed that in the next 

time steps, the compressive stress will act on this interface which leads to a remarkable decrease 

in 휂𝑡. It is worth noting that there is already a gap at the casing-cement interface which can be 

converted to an escaping pathway for CO2-bearibg fluids.  

Figure 5.14 (c) shows that the cement-rock interface will be compacted at all depths after 

200 days. It can be observed in Figure 5.14 (a) that the value of 휂𝑠 at the depths of 800, 1140, 

and 2500 m becomes larger than or equal to one before the 200th day. At these depths, based on 

the formation of DSBs at the cement-rock interface, the value of UTS decreases to 휀2 because 

the cement-rock interface failed and is not able to withstand any value of the tensile stress. This 

is the reason for a remarkable reduction in the value of 휂𝑡 at these depths in Figure 5.14 (b). 

Furthermore, at the middle ranges of 1480, 1820, and 2160 m the cement-rock interface remains 

intact although Figure 5.14 (a) shows that they are also highly potential to be dilated i.e., to be 

failed due to the shear stress. It can be inferred that the cement-rock interface at the locations 

near to the injection points will be dilated due to the shear stress or close to the dilation shear 

process immediately after CO2 is being injected. The entire cement sheath will retain its integrity 

due to a significant deceleration in the degrading process resulting from the carbonation and the 

compaction of the cement-rock interface as represented in Figure 5.15. It can be understood from 

Figures 5.13-5.15 that in an injection-abandonment process, the casing-cement and the cement-

rock interfaces will be dilated due to the tensile and the shear stresses, respectively. The DSB at 

the cement-rock interface is a potential leakage pathway depending on the porosity increase due 

to the shear dilation, however, it is not comparable with the casing-cement interface which will be 

converted to a highly conductive passage due to the formation of the PDB. It is a fortunate process 

that the compaction of the cement-rock interface will restrict the dilation effect by reducing the 

porosity to one order of magnitude at the affected zones. 

As discussed in (Bagheri, Shariatipour, and Ganjian 2019b), the compaction process is 

a promising phenomenon which postpones the failure of the cement sheath. The compaction of 

the outermost layers of the cement sheath (or the cement-rock interface), as show in Figure 5.14 

(c), decreases the porosity. In addition, the carbonation process at the locations close the cement-

rock interface also decreases the porosity. These two processes prevent further invasion of the 

carbon species deep into the cement sheath. Therefore, as shown in Figure 5.15, the failure 

criteria have no significant upward trends. Therefore, it can be interpreted that the cement sheath 

will not fail in the near future. The extrapolation of trends in Figures 5.13-5.15 will show the 

lifespans of the ITZs and the cement sheath as presented in Figure 5.16. It can be understood 

from this figure that the casing-cement interface fails due to the pure dilation process at depths 

deeper than 1140 m once CO2 is injected. This means complete separation of the cement sheath 

from the casing outer face occurring due to a significant increase in the temperature drop. The 

well temperature decreases from the temperature of the formation to the CO2 injection 

temperature of 30 ℃. The reduction in the temperature of the rock-cement-casing assemblage 
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increases with depth. The shear dilation process results in failing of the cement-rock interface at 

depths shallower than 1140 m and depths deeper than 2245 m. At depths between 1225 and 

2160 m, the cement-rock interface is not expected to fail due to the shear dilation as shown in 

Figure 5.16. On the other hand, Figure 5.14 (a) shows that the cement-rock interface becomes 

extremely close to failure due to the shear dilation. The author believe that the cement-rock 

interface is also subject to the shear dilation at the depths between 1225 and 2160 m. Therefore, 

with increasing in depth the cement-rock interface fails due to the shear dilation. This process 

becomes faster with depth due to increasing in the in-situ horizontal stress, and the dissolution of 

higher quantities of carbon species accelerating the degredation process of the cement matrix. 

The cement-rock interface at the entire range of 800-2500 m is compacted as can be observed 

in Figure 5.16. In this case study, the cement sheath remains intact. 

 

Figure 5.13. (a) Change in the value of the shear failure criterion, 휂𝑠; (b) the tensile failure criterion, 

휂𝑡; (c) and the deformation criterion, 휂𝑑, at different depths for the casing-cement interfacial 

transition zone for a well used for CO2 injection for 2.5 years and then abandoned. 

 

 

Figure 5.14. (a) Change in the value of the shear failure criterion, 휂𝑠; (b) the tensile failure criterion, 

휂𝑡; (c) and the deformation criterion, 휂𝑑, at different depths for the cement-rock interfacial 

transition zone for a well used for CO2 injection for 2.5 years and then abandoned. 
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Figure 5.15. (a) Change in the value of the shear failure criterion, 휂𝑠; (b) the tensile failure criterion, 

휂𝑡; (c) and the deformation criterion, 휂𝑑, at different depths for the entire cement sheath for a well 

used for CO2 injection for 2.5 years and then abandoned. 

 

Figure 5.16. The lifespan of the casing-cement and cement-rock interfaces, and the cement 

sheath for an injection well which abandoned after 2.5 years of being used for CO2 injection. 

5.10 Summary and conclusion 

The study in this chapter provides a methodology for investigating the behaviour of rock-cement-

casing assemblages in CO2 storage sites. A plastic-damage model is introduced to capture the 

effect of the inelastic behaviour of the cement matrix. The alteration of the cement matrix is 

characterised as a function of both the failure and the deformation in the inelastic area. The 

concept of bands is coupled with the plastic-damage model to explicitly involve the effect of the 

porosity alteration in the inelastic area. The geochemistry calculations are run using the 

CrunchFlow code. The mechanical calculations are coupled with the geochemical alterations in 
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an iterative approach which is continuously updating the boundary conditions based on the 

integrity and the stress state of ITZs. The assumptions of the complete dissolution of CO2 in brine 

and the single-phase dominance of CO2-bearing fluids in the pores of the cement matrix makes 

the geochemical alterations independent to the mechanical calculations. Therefore, the 

suggested iterative approach in this chapter is a reasonable method in terms of the numerical 

aspects, however, the coupled calculations may be completed in a longer period of time compared 

to fully implicit methods. 

For an abandoned well, no failure (PDB and DSB) is expected to occur at the ITZs and 

in the cement sheath. The cement-rock interface will be compacted due to the combination effect 

of the shrinkage of the cap surface and the in-situ horizontal stress. The cap surface shrinks due 

the chemical degradation. The compaction deforms the cement-rock interface but does not lead 

to failure. Although the cement-rock interface deforms, its strength remains a function of the 

minimum UCS which has been reached. It should be noted that the maximum cohesive strength 

between two solids is assumed as a function of their chemical compositions. This strength can 

only be degraded due to mechanical alterations. Indeed, the cohesive strength is not expected to 

surpass the maximum value which is achievable based on the chemical composition of two 

adjacent surfaces. The compressive stress can keep two solids beside each other but is not able 

to improve the maximum achievable cohesive strength. Overall, an abandoned well will remain 

safe for an infinite length of time. 

In the injection wells, the temperature difference between the injected fluid and the rock 

results in the formation of the tensile stress in the rock-cement-casing assemblage. This tensile 

stress at the early stages of CO2 injection (before 30 days) leads to the failure of the casing-

cement interface. This failure is an annular space around the casing with the porosity of one. At 

early days of injection, prior to the 200th day, the cement-rock interface faces a shear failure which 

is a result of an increase in the difference between the stress in the z-direction, 𝜎𝑧, and the 

stresses in the r-direction, 𝜎𝑟, and the 휃-direction, 𝜎𝜃. The DSB at the cement-rock interface 

increases the porosity by 8%, however, the compaction of this layer at the times after 200 days 

restricts this effect. The gap created at the casing-cement interface will be a highly conductive 

leakage pathway if CO2-bearing fluids find a way to reach that zone. For an injection well, the 

cement sheath will be separated from the rock and the casing surfaces after 200 days and the in-

situ horizontal stress will keep them as an assemblage. The carbonation process and the 

formation of CSB accompanied by a reduction in the porosity value which will limit both the 

tendency of CO2 to escape from the ITZs and will prevent the diffusion of CO2-bearing fluid into 

deeper locations within the cement sheath. Overall, CO2 injection will result in the formation of 

PDB and DSB at the casing-cement and the cement-rock interfaces, respectively, however, under 

the normal conditions their performance as the leakage pathways will be restricted due the 

carbonation process and the formation of CSB at the cement-rock interface. 
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In the next chapter, a parametric study on the model developed in this chapter is provided. 

In Chapter 6, the effect of temperature, composition and porosity, in-situ horizontal stress, fluid 

pressure, the cement sheath thickness, pH, and the type of surrounding formations on the 

durability of the rock-cement-casing assemblage will be investigated in more details for both 

injection and abandoned wells.  
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Chapter 6 

Parametric Study on the Integrity of Wellbores in CO2 

Storage Sites* 

In this chapter, the performance of the rock-cement-casing assemblage is investigated using a 

chemo-mechanical model developed by the author in Chapter 5. In this chemo-mechanical model, 

the geomechanical part is coupled with the geochemical alterations which is improved using a 

plastic-damage model. This chapter provides a parametric study on the integrity of the wellbores 

in CO2 storage sites. 

The results show that separation at the cement-casing interfaces is highly probable in injection 

wells. The abandoned wells will maintain their integrity within the first millenarian after exposure 

to CO2-bearing fluids. The observations in this chapter suggest that the compaction of the cement-

rock interfacial transition zone helps the cement sheath maintain its integrity for a longer period 

of time. 

6.1 A Glance into the Numerical Approach 

Bands are introduced in this thesis as a methodology to properly involve the contribution of altered 

zones in the evolution of the fluid flow properties. As can be seen in Figure 6.1, an altered cement 

element is composed of the elastic parts and the bands. Therefore, the porosity of the element, 

𝜙𝑒𝑙𝑒𝑚𝑒𝑛𝑡, can be written as: 

𝜙𝑒𝑙𝑒𝑚𝑒𝑛𝑡 = 𝑠𝑏𝑎𝑛𝑑 1𝜙𝑏𝑎𝑛𝑑 1 + 𝑠𝑏𝑎𝑛𝑑 2𝜙𝑏𝑎𝑛𝑑 2 + 𝑠𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑐𝑒𝑚𝑒𝑛𝑡𝜙𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑐𝑒𝑚𝑒𝑛𝑡 (6.1) 

where, 

𝑠𝑏𝑎𝑛𝑑 1 + 𝑠𝑏𝑎𝑛𝑑 2 + 𝑠𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑐𝑒𝑚𝑒𝑛𝑡 = 1 & 𝑠𝑖 = 𝑉𝑖/𝑉𝑡𝑜𝑡 (6.2) 

                                                      

* The content of this chapter has been extracted from the following paper: 
Bagheri, M., Shariatipour, S. M. and Ganjian, E. (2020) ‘Parametric study on the integrity of 
wellbores in CO2 storage sites’, Construction and Building Materials, 121060. 
The candidate set the scientific scope of this work, devised and developed the methodology, 
performed all data analysis and wrote the text.  Seyed M. Sharaitipour and Eshmaiel Ganjian 
provided guidance during the design of this part of the project and feedback on the manuscript. 
Minor adaptations have been performed to streamline the layout of thesis. 
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and, 𝑉𝑖 and 𝑉𝑡𝑜𝑡 are the volume of the part 𝑖 (band 1, band 2, or the elastic part), and the total 

volume, respectively. 𝑠𝑖 is the volume fraction of the part 𝑖. 𝜙𝑏𝑎𝑛𝑑 1, 𝜙𝑏𝑎𝑛𝑑 2, and 𝜙𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑐𝑒𝑚𝑒𝑛𝑡 

show the porosity of band 1, band 2, and the elastic part, respectively. 

 

Figure 6.1. A cement element composed of the embedded bands and the elastic parts. 

The chemical calculations are run using the CrunchFlow code developed by Steefel et al. 

(2015) as formulated in Eq. (4.2). In this chapter, it is assumed that CO2 is completely dissolved 

in brine, and the pores of the surrounding formations and the cement sheath are filled with a 

single-phase fluid. The temperature and pressure in CO2 storage sites is higher than the critical 

temperature (31.1 ℃) and pressure (7.38 MPa) of CO2, respectively. This means that CO2 will be 

in a supercritical state. Although calculations in this chapter consider the maximum dissolution of 

CO2 in brine, the concentration of CO2 in brine is less than this value. This is due to the CO2 

escaping from CO2-bearing fluids, and other CO2 trapping mechanisms occurring prior to the CO2 

plume encountering the cement-brine interface. 

As shown in Figure 3.3, an iterative approach is applied to couple the geochemical and 

geomechanical calculations. At the time step, 𝑡, the porosity and the mineral composition of the 

cement matrix is updated using the geochemical simulation and then imported into the section of 

the geomechanical simulation. Subsequently, the porosity profile as the main controlling property 

is updated in the section for the geochemical simulation. The porosity profile is imported into the 

geomechanical simulation for the next time step, 𝑡 + 1. The new porosity profile, 𝜙𝑛𝑒𝑤, can be 

defined as in Eq.(5.65). 

The flowchart in Figure 3.3 cycles to the point where the entire cement sheath 

disintegrates due to either the shear or the tensile failures. At the initial state, (𝑡 = 0), the boundary 

conditions for the stress distribution are defined as in Section 5.7.1.7. 
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It is assumed that the cement sheath is exposed to an infinite source of CO2-bearing 

fluids. Therefore, the Dirichlet boundary condition dominates at the cement-rock interface. The 

fluid flow at the cement-casing interface is zero due to the blockage of flow at this interface. 

Consequently, the no-flow boundary conditions dominate the cement-casing interface. These 

boundary conditions corresponding to the geochemical characterisation remain constant with 

time. The initial stress and geomechanical boundary conditions are subject to change with time. 

The failure of ITZs and the entire cement sheath alters the governing geomechanical boundary 

conditions which are initially assumed to dominate the rock-cement-casing assemblage. 

The basic cement, rock, and casing properties are similar to those introduced in Section 

5.7.1 except those parameters which have been deliberately changed in any section, in this 

chapter, to be studied. In this model, it is assumed that the cementing job was flawlessly 

conducted. In these simulations, the rock-cement-casing assemblage has a cylindrical form, 

along with the interface boundaries. The wellbores are considered to be impacted by the normal 

in-situ horizontal stress, and the plane strain conditions govern the stress distribution. It is also 

assumed that the wellbores pass a normal loading path without being affected by abnormal 

creeping or tectonic displacements. The composition of the cement matrix is similar to class H 

surrounded by a sandstone rock as detailed in Sections 3.4, unless as in Section 6.2.7, where 

the effect of limestone is also investigated. In this chapter, the author attempts to represent the 

most outstanding results in the figures, and the other outcomes are referred to and interpreted in 

each section. It should also be noted that the sharp discontinuities in the figures of this chapter 

are caused due to the prediction methodology and the complex nature of coupling the 

geochemical and the geomechanical alterations. The prediction methodology is based on the 

extrapolation of the five-year time period simulations. Therefore, although there is an expectation 

to see a gradual change for two close points in a figure, sometimes they show significant 

differences. Nevertheless, the general performance of this method for finding the failure is 

satisfying. On the other hand, the complexity associated with the coupling nature of the 

geochemical and geomechanical alterations intensifies this irregularities. For example, in some 

cases just increasing several metres in depth leads to a higher temperature difference which 

readily results in the tensile failure at the cement-casing interface. 

6.2 Results and discussion 

In this chapter, the author has attempted to evaluate the performance of the rock-cement-casing 

assemblage using the methodology developed in Chapter 5. This work provides a general 

framework illustrating the ultimate lifespan of the cement sheath under different conditions which 

are likely to be found in CO2 storage sites. This chapter explores the effect of temperature, 

composition and porosity, in-situ horizontal stress, fluid pressure, the cement sheath thickness, 

pH, and the type of surrounding formations. 
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6.2.1 Temperature 

The temperature of the underground formations, 𝑇𝑒, is a function of the depth. The average 

gradient of temperature is considered to be equal to 30 ℃/𝑘𝑚 (Fridleifsson et al. 2008), and the 

temperature at the Earth’s surface is assumed to be 20 ℃. Therefore, 𝑇𝑒 can be calculated as 

defined in Eq. (5.55). It should be reminded that 𝑑 is depth in metres and 𝑇𝑒 is the underground 

formation temperature in centigrade. The temperature reduction, ∆𝑇, in the casing is assumed to 

be constant while it is considered to reduce in a logarithmic manner within the cement-rock part 

as formulated in Eq. (5.56). 

𝑇𝑤 is the well temperature, 𝑟 is the radius, and 𝑅𝑜,𝑐𝑎𝑠𝑖𝑛𝑔 shows the outer radius of the 

casing. In this chapter, the inner radius of the well casing, 𝑅𝑖,𝑐𝑎𝑠𝑖𝑛𝑔, is 3.183 inches and the outer 

radius of the well casing, 𝑅𝑜,𝑐𝑎𝑠𝑖𝑛𝑔, is 3.5 inches. The effect of the temperature reduction is 

significant in the injection wells. In abandoned wells, the temperature reaches an equilibrium with 

the surrounding formations. Therefore, the temperature reduction in abandoned wells is equal to 

zero. The fluid pressure at each depth is assumed to be equal to the hydrostatic pressure. 

In this case, the well temperature, 𝑇𝑤, increases from 30 ℃ to the temperature of the 

underground formations, 𝑇𝑒. The minimum temperature inside the well is considered to be equal 

to 30 ℃ as a representative value adopted from (Lindeberg 2011, Gor and Prévost 2013). The 

temperature reduction in the well, ∆𝑇𝑤, is equal to (𝑇𝑤 − 𝑇𝑒). The maximum temperature difference 

between the underground formations and the well can be calculated as follows: 

∆𝑇𝑚𝑎𝑥 = 10 − 0.03𝑑 (6.3) 

The cement-casing interfacial transition zone (cc) is highly susceptible to fail due to the 

tensile stress. As can be observed in Figure 6.2 (a), at low well temperatures and deep locations, 

the cc fails a short time after the CO2 injection commences. Figure 6.2 (b) and (c) show that the 

cement-rock interfacial transition zone (cr) will fail at the middle well temperatures. It can be 

observed that the cc and the cr maintain their integrity for a long period of time at other well 

temperatures. The minimum expected lifespan of the cement sheath is 1897 years, as shown in 

Figure 6.2(d). The lifespan of the cement sheath increases with depth by more than two orders 

of magnitude. The shear dilation and the deformation processes are not expected to affect the 

cc. The cr is compacted prior to the 30th day of the CO2 injection. For the cement sheath, it is 

predicted that the pure dilation and compaction processes will not occur in less than 1E+5 years. 

It can be seen that the cc and the cr fail at the specific depths and temperatures, as shown in 

Figure 6.2, in contrast to the cement sheath, which at least maintains its integrity for more than 

one thousand years. This denotes that the cement sheath is inclined to be separated from the 

casing and the rock surfaces, although the cement sheath will retain its integrity. This is due to 

the short period of the CO2 injection processes, which probably in many projects would be less 

than a century. 



 

178 
 

 

Figure 6.2. (a) The tensile failure time of the cement-casing interfacial transition zone; (b) the 

shear failure time of the cement-rock interfacial transition zone; (c) the tensile failure time of the 

cement-rock interfacial transition zone; (d) the Shear failure time of the cement sheath at a 

constant formation temperature, 𝑇𝑒, and different well temperatures, 𝑇𝑤. 

Figure 6.3 shows the case where the temperature of the well is 30 ℃ and the temperature 

of the formation increases from 𝑇𝑤 to the maximum value calculated by Eq. (5.55). In this case, it 

can be seen in Figure 6.3 (b) and (c) that the cr loses its integrity at the middle range of the 

formation temperatures. The cr is compacted (or deformed) during the first days of CO2 injection. 

The cc falls apart at the high formation temperatures and deep locations, as can be observed in 

Figure 6.3 (c). The shear dilation and the deformation processes do not influence the cc. Figure 

6.3 (d) shows that the cement sheath retains its integrity for a minimum of 1938 years. The pure 

dilation and the deformation are not expected to affect the cement sheath in less than 1E+5 years. 
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Figure 6.3. (a) The tensile failure time of the cement-casing interfacial transition zone; (b) the 

shear failure time of the cement-rock interfacial transition zone; (c) the tensile failure time of the 

cement-rock interfacial transition zone; (d) the Shear failure time of the cement sheath at a 

constant well temperature, 𝑇𝑤 of 30 ℃ while the formation temperatures, 𝑇𝑒, changes from 𝑇𝑤 to 

a maximum presented by Eq. (5.55). 

The performance of the cement sheath and the ITZs are outlined in Table 6.1. It is 

concluded that the cement sheath maintains its integrity for an indefinite time interval. The cc is 

debonded in injection wells due to the formation of PDB at deep locations where there is a high 

temperature difference between the formation and the well. The cement sheath is separated from 

the rock due to the formation of DSB and PDB at the middle range of temperature differences 

between the formation and the well. Subsequently, the cr will fully be compacted.  
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Table 6.1. The alteration of the cement sheath and the ITZs as a function of the temperature 

profile in the injection wells. 

Zone 
The altering process 

DSB PDB CSB 

Cement-casing 

interface 

The cc is not affected. In deep wells and at 

high temperature 

differences between 

the formation and the 

well the separation of 

the cement sheath 

from the casing 

occurs. 

The cc is not affected. 

Cement-rock 

interface 

At the middle range of 

temperature 

differences between 

the formation and the 

well, the formation of 

DSB is expected. 

At the middle range of 

temperature 

differences between 

the formation and the 

well, the formation of 

PDB is expected. 

The cc is fully 

compacted during the 

first days after 

starting CO2 injection 

process. 

Cement sheath The minimum time 

calculated is more 

than 1897 years. 

The cement sheath is 

not affected. 

The cement sheath is 

not affected. 

 

6.2.2 Composition and porosity 

Portlandite (CH) and calcium silicate hydrates (C-S-H) are the main component minerals of the 

cement matrix. In this section, the effect of these two minerals on the durability of the rock-cement-

casing assemblage is examined. The composition and the porosity of the cement matrix vary 

according the intervals given in Table 6.2.  

Table 6.2. The range considered for investigating the effect of the mineral composition and the 

porosity. 

Mineral phase 

composition 

(Vol. %) in the 

solid part 

Portlandite (𝒙𝑪𝑯) 15-35% 

C-S-H (𝑥𝐶−𝑆−𝐻) 85-65% 

Porosity (𝝓) 5-25% 

 

6.2.2.1 Injection wells 

The lifespan of the cement sheath and ITZs are shown as a function of the porosity and the 

mineral composition of Portlandite in Figure 6.4 and Figure 6.5. At the depth of 800 m, the cr fails 

due to the tensile stress at high porosities, as presented in Figure 6.4. Table 6.3 summarises that 

for an injection well the tendency of the cr to fail due to the tensile stress decreases with increasing 

in depth. Figure 6.5 (a) illustrates that the cr dilates due to the shear stress at the depth of 800 m 
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throughout most ranges of porosity and Portlandite composition except at the porosity of 5% and 

𝑥𝐶𝐻 greater than or equal to 25%. Table 6.3 indicates that the cc is subject to tensile failure at 

depths of 1650 and 2500 m while it remains safe at the depth of 800 m for at least 7995 years. 

The cr collapses due to either tensile or shear stresses, except at high Portlandite compositions 

and low porosities at the depth of 800 m as shown in Figure 6.4. The cr is compacted at depths 

from 800-2500 m. Furthermore, the minimum lifespan of the cement sheath is 663 years, which 

is far higher than the lifespan of a normal injection project. 

 

Figure 6.4. The tensile failure time of the cement-rock interfacial transition zone at the depth of 

800 m as a function of the porosity and Portlandite composition. 
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Figure 6.5. The shear failure time of (a) the cement-rock interfacial transition zone at the depth of 

800 m; (b) the cement sheath at the depth of 800 m; (c) the cement-rock interfacial transition zone 

at the depth of 1650 m; (d) the cement sheath at the depth of 1650 m; (e) the cement-rock 

interfacial transition zone at the depth of 2500 m; (f) the cement sheath at the depth of 2500 m. 
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Table 6.3. The alteration of the cement sheath and the ITZs as a function of the composition and 

porosity of cement sheaths in injection wells. 

Depth (m) Zone 
The minimum lifespan (years) 

DSB PDB CSB 

800 

Cement-casing 

interface 

3143 7995 1E+5 

Cement-rock 

interface 

0.2466 0.2466 Early compaction 

at all porosities 

and Portlandite 

compositions. 

Cement sheath 6999 1E+5 1E+5 

1650 

Cement-casing 

interface 

661 Early dilation at 

all porosities and 

Portlandite 

compositions. 

1E+5 

Cement-rock 

interface 

0.0822 494 Early compaction 

at all porosities 

and Portlandite 

compositions. 

Cement sheath 663 1198 1E+5 

2500 

Cement-casing 

interface 

1220 Early dilation at 

all porosities and 

Portlandite 

compositions. 

638 

Cement-rock 

interface 

0.0822 1E+5 Early compaction 

at all porosities 

and Portlandite 

compositions. 

Cement sheath 2353 1E+5 3043 

 

6.2.2.2 Abandoned wells 

The effect of the mineral composition and porosity are also investigated in abandoned wells. 

Figure 6.6 shows the predicted lifespan of the cement sheath at several depths for various values 

of porosity and mineral composition. The cement sheath preserves its solidity for more than a 

thousand years. Table 6.4 lists the minimum lifespan for the cement sheath and the ITZs. In 

abandoned wells, the cr is also compacted during the first days of being exposed to CO2-bearing 

fluids. 
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Figure 6.6. The shear failure time of the cement sheath for an abandoned well (a) at 800 m; (b) 

1650 m; (c) and 2500 m. 

Table 6.4. The alteration of the cement sheath and the ITZs as a function of the composition and 

porosity in abandoned wells. 

Depth (m) Zone 
The minimum lifespan (years) 

DSB PDB CSB 

800 

Cement-casing 

interface 
4514 3736 

1E+5 

Cement-rock 

interface 1E+5 1775 

Early compaction at all 

porosities and Portlandite 

compositions. 

Cement sheath 7199 1E+5 1E+5 

1650 

Cement-casing 

interface 
3174 1701 

1E+5 

Cement-rock 

interface 1E+5 2545 

Early compaction at all 

porosities and Portlandite 

compositions. 

Cement sheath 4419 1E+5 1E+5 

2500 

Cement-casing 

interface 
2721 1628 

1664 

Cement-rock 

interface 1E+5 6000 

Early compaction at all 

porosities and Portlandite 

compositions. 

Cement sheath 2596 2178 4725 
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6.2.3 In-situ horizontal stress 

The in-situ horizontal stress, 𝜎𝑖𝑛−𝑠𝑖𝑡𝑢, is the main acting stress on the rock-cement-casing 

assemblage. Based on the plane strain assumption, the in-situ horizontal stress motivates the 

stresses in the z-direction and the 휃-direction. The value of the in-situ horizontal stress is a 

function of the lithostatic stress depending on the formation type and circumstances. This section 

attempts to evaluate the impact of the in-situ horizontal stress on the wellbore integrity. The in-

situ horizontal stress is assumed to act on the thermally influenced radius,𝑅𝑡ℎ, of the rock-cement-

casing assemblage. The fluid pressure, 𝑝𝑓, is equal to the hydrostatic pressure, 𝑝ℎ. The minimum 

𝜎𝑖𝑛−𝑠𝑖𝑡𝑢 is assumed to be equal to 𝑝𝑓/0.7 to prevent the formation of hydraulic fractures. The 

maximum bound of 𝜎𝑖𝑛−𝑠𝑖𝑡𝑢 is assumed to be equal to (40.5 + 0.014𝑑) in MPa where 𝑑 is the 

depth in meter (Brown and Hoek 1978). Therefore, (∆𝜎𝑖𝑛−𝑠𝑖𝑡𝑢)𝑚𝑎𝑥 and ∆𝜎𝑖𝑛−𝑠𝑖𝑡𝑢 can be defined as 

follows: 

(∆𝜎𝑖𝑛−𝑠𝑖𝑡𝑢)𝑚𝑎𝑥 = (40.5 + 0.014𝑑) −
𝑝𝑓

0.7
 (6.4) 

∆𝜎𝑖𝑛−𝑠𝑖𝑡𝑢 = 𝜎𝑖𝑛−𝑠𝑖𝑡𝑢 −
𝑝𝑓

0.7
 (6.5) 

6.2.3.1 Injection wells 

In the injection wells, the integrity of the cement sheath is not impacted by increasing the in-situ 

horizontal stress. The cr is compacted at all depths and values of 𝜎𝑖𝑛−𝑠𝑖𝑡𝑢. As shown in Figure 6.7, 

the tensile and shear failures reduce the lifespan of the cc and the cr, respectively. Figure 6.7 (a) 

shows that the cc maintains its integrity at a depth of 800 m for the entire range of the in-situ 

horizontal stress while it fails at deeper wells. At the depth of 800 m, the cr disintegrates, as shown 

in Figure 6.7 (b). For an injection well at any depths and in-situ horizontal stress, it can be 

comprehended that the debonding of either the cc or the cr is inevitable. The formation of DSB 

occurs prior to the formation of the CSB at the cr location.  It should be noted that in these 

calculations DSB and CSB are not possible to be simultaneously formed as explained in Section 

5.5. This is due to the distinct areas of activity for DSB and CSB in the failure envelope. 
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Figure 6.7. The failure time of (a) the cement-casing interfacial transition zone due to the tensile 

stress; (b) and the cement-rock interfacial transition zone due to the shear stress for an injection 

well. 

6.2.3.2 Abandoned wells 

In abandoned wells, it is predicted that the failure of the cement sheath and ITZs will not occur in 

less than 1666 years. The deformation process compacts the cr during the first 50 days after 

exposure to CO2-bearing fluids. The cc and the cement sheath are also subject to the deformation 

process within the time scale displayed in Figure 6.8. The deformation time of the cc and the 

cement sheath decreases with increasing in depth and in-situ horizontal stress. 

 

Figure 6.8. The compaction time of (a) the cement-casing interfacial transition zone; (b) and the 

cement sheath for an abandoned well. 

6.2.4 Fluid pressure 

The fluid pressure, 𝑝𝑓, is assumed to be equal to the hydrostatic pressure. Increasing the fluid 

pressure leads to an increase in the CO2 concentration, however, it does not exceed the maximum 

concentration calculated by thermodynamic rules. In addition, rocks typically show a reduction in 

the strength with increasing moisture content. The effect of the fluid pressure on the wellbore 
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integrity is examined in this section for injection wells. The injection pressure changes from the 

hydrostatic pressure to 0.7𝜎𝑖𝑛−𝑠𝑖𝑡𝑢. The maximum of 𝑝𝑓 is chosen as the upper safety boundary 

to prevent the formation of hydraulic fractures. Therefore, the maximum increase in the fluid 

pressure can be defined as: 

(∆𝑝𝑓)𝑚𝑎𝑥 = 0.7𝜎𝑖𝑛−𝑠𝑖𝑡𝑢 − 𝑝ℎ (6.6) 

∆𝑝𝑓 = 𝑝𝑓 − 𝑝ℎ (6.7) 

where, 𝑝ℎ is the hydrostatic pressure, and ∆𝑝𝑓 indicates the increase in the fluid pressure. The 

fluid pressure is likely to vary close to the injection wells due to the injection pressure at the bottom 

of the wellbore. In contrast, the fluid pressure in abandoned wells reaches an equilibrium 

sometime after being left. Therefore, in this section, the alteration of the fluid pressure is only 

considered in the injection wells.  

The cr is compacted over the entire range of the fluid pressures and depths in an injection 

well, however, the DSB and PDB will result in failure of this zone, as shown in Figure 6.9. At the 

depth of 800 m, the cr encounters tensile failure during the first 30 days after the start of the CO2 

injection process (except at 𝑝𝑓 = 𝑝ℎ), as shown in Figure 6.9 (c). At depths deeper than or equal 

to 1225 m, the PDB is not expected to be created at the cr location. Besides, the cc will not be 

affected by the deformation process or the shear stress. The cement sheath retains its integrity 

for a long period of time. Therefore, it can be realised that under any stress state, either the cr or 

the cc fails while the cr is compacted over the entire range of the fluid pressures and depths in an 

injection well. Nevertheless, the cement sheath remains intact for a minimum of 3175 years.   

 

Figure 6.9. The failure time of (a) the cement-casing interfacial transition zone due to the tensile 

stress; (b) the cement-rock interfacial transition zone due to the shear stress; and (c) the tensile 

stress. 

6.2.5 The cement sheath thickness 

The normal thickness of the cement matrix in the calculations in this chapter, is equal to 1.18 

inches. Nevertheless, the weak parts of the formation wall, which are close to the cement, are 

highly probable to be dislodged during the cementing job. In addition, the effects of drill bits on 

the formation wall can also change the outer radius of the cement sheath. In this section, the 



 

188 
 

impact of the cement sheath thickness on the integrity of the rock-cement-casing assemblage is 

studied. The inner diameter of the cement sheath is 7 inches, and the ratio of the cement sheath 

thickness over the inner radius of the casing, 𝑅𝑖,𝑐𝑎𝑠𝑖𝑛𝑔 , is assumed to change from 0.07 to 2.74. 

The inner diameter of the casing is 6.366 inches. 

6.2.5.1 Injection wells 

In this case, the cr is compacted over the entire range of the cement sheath thicknesses and all 

depths. The PDB is not expected to be formed at the cr location in the near future. Figure 6.10 

(b) shows that the performance of DSB is limited to the depth of 800 m and 𝑡/𝑟 less than 2.74. 

The cr is not affected by the DSB with increasing depth and 𝑡/𝑟 (the ratio of the cement sheath 

thickness over the inner radius of the casing). As shown in Figure 6.10 (a), the cc is only 

influenced at the depths greater than 800 m, and other alteration processes have no impact on 

its durability. Figure 6.10 indicates that in a CO2 injection well, at least one of the cc or the cr will 

fail. Indeed, increasing in the thickness of the cement sheath cannot stop the failure processes at 

either the cc or the cr places except at 𝑡/𝑟 of 2.74 at the depth of 800. In addition, none of the 

failure and deformation processes are predicted to impact the cement sheath in time periods of 

less than one thousand years. 

 

Figure 6.10. The failure time of (a) the cement-casing interfacial transition zone due to the tensile 

stress; and (b) the cement-rock interfacial transition zone due to the shear stress at the different 

thicknesses of the cement sheath. 

6.2.5.2 Abandoned wells 

In abandoned wells, the only active alteration phenomenon is the CSB process compacting the 

cr. The cr is compacted within the first days after being exposed to CO2-bearing fluids. This 

process helps the cement sheath in maintaining its integrity for a longer period of time. The cc 

and cement sheath show no alteration in time frames of less than one thousand years. 
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6.2.6 pH 

The reactions between the CO2 gas and rock are presumable through its dissolution in brine as 

a ubiquitous fluid phase. Either the reduction in the pressure or the increase in the temperature 

leads to CO2 escaping from the dissolution. It is considered that the concentration of CO2 in brine 

is obtained from the equilibrium with brine at a pressure in the range between 1 MPa and the fluid 

pressure, 𝑝𝑓, at that depth. The pH decreases with increasing equilibrium pressure. This section 

investigates the effect of CO2 concentration (or pH) in CO2-bearing fluids on the durability of the 

ITZs and the cement sheath. The CO2 concentration in brine is calculated using the method 

developed by Duan and Sun (2003). Subsequently, based on the CO2 concentration, the pH value 

is obtained using the CrunchFlow code (Steefel and Lasaga 1994). The calculations illustrate that 

at an equilibrium pressure of 1 MPa and a depth of 1650 m, the pH value is 3.24. The pH value 

decreases to 2.88 with increasing the equilibrium pressure to the fluid pressure of 16.17 MPa at 

a depth of 1650 m. These two bounds of pH (2.88-3.24) do not show a significant change with 

depth. In fact, the minimum pH value is shown in the calculations for this chapter to be 

approximately constant (the minimum fluid pressure is considered equal to 1 MPa) although the 

temperature is increasing with the depth. The maximum bound of pH can also be assumed 

constant because the fluid pressure and temperature are higher than their critical values for CO2. 

Therefore, the maximum change in pH, (∆𝑝𝐻)𝑚𝑎𝑥, is around 0.36. ∆𝑝𝐻 can be written as follows: 

∆𝑝𝐻 = 𝑝𝐻𝑑 − 𝑝𝐻𝑚𝑖𝑛 (6.8) 

where, 𝑝𝐻𝑑 and 𝑝𝐻𝑚𝑖𝑛 indicate the pH at the depth of 𝑑 and the minimum pH value obtained at 

that depth with considering an equilibrium pressure of 1 MPa, respectively. 

6.2.6.1 Injection wells 

In injection wells, the cement sheath maintains its integrity for at least 2907 years. The cr is 

compacted over the entire range of the pH and all depths. The anticipated time for the occurrence 

of PDB at the cr, and CSB and DSB at the cc is beyond thousands of years. Figure 6.11 

demonstrates that at any time after CO2 injection commences, at least one of the cc and cr will 

fail due to the tensile or the shear stresses, respectively. 
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Figure 6.11. The failure time of (a) the cement-casing interfacial transition zone due to the tensile 

stress; and (b) the cement-rock interfacial transition zone due to the shear stress at different pH 

values. 

6.2.6.2 Abandoned wells 

The cr is also compacted in abandoned wells over the entire range of pH and depth. None of the 

ITZs and the cement sheath are predicted to fail in less than 2450 years. 

6.2.7 Rocks 

The rocks surrounding the cement sheath affect the degree of acidity of the CO2-bearing fluids 

and transport mechanisms of carbon species into/out of the cement sheath. Two rock types of 

sandstone and limestone are investigated in this section. The main differences between them is 

assumed to be the composition and the maximum uniform confining stress which is bearable by 

them (Bemer, Vincké, and Longuemare 2004), i.e., point (𝑐 + 𝑎, 0) in Figure 5.2, defined as 

follows: 
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𝑋𝑠𝑎𝑛𝑑𝑠𝑡𝑜𝑛𝑒 = 3663.85exp (−12.4𝜙) (6.9) 

𝑋𝑙𝑖𝑚𝑒𝑠𝑡𝑜𝑛𝑒 = 601.6exp (−8.3𝜙) (6.10) 

where, 𝜙 is porosity, 𝑋𝑠𝑎𝑛𝑑𝑠𝑡𝑜𝑛𝑒 and 𝑋𝑙𝑖𝑚𝑒𝑠𝑡𝑜𝑛𝑒 indicate the maximum uniform confining stress 

which is bearable by sandstone and limestone, respectively. The uniaxial compressive strength 

(UCS) of them are calculated as follows (Chang, Zoback, and Khaksar 2006): 

𝑓𝑐 = 2.28 + 4.1089𝐸 (6.11) 

This equation has basically been developed for sandstones. To simplify the comparison, 

Eq (6.11) is also applied to calculate the UCS of limestone rocks. In fact, the UCS of these rocks 

overlaps each other at an extensive area of the Young’s modulus, 𝐸. The minimum value of the 

Young’s modulus obtained as: 

𝐸𝑚𝑖𝑛 = (𝜎𝑣 − 2.28)/4.1089 (6.12) 

where, 𝐸𝑚𝑖𝑛 is the minimum Young’s modulus, and 𝜎𝑣 is the lithostatic stress calculated as follows 

(Brown and Hoek 1978): 

𝜎𝑣 = 0.027𝑑 (6. 13) 

For calculating 𝐸𝑚𝑖𝑛, it is assumed that the rock must be as strong as to withstand the 

lithostatic stress. The maximum Young’s modulus, 𝐸𝑚𝑎𝑥, is assumed to be 57.85 GPa for a rock 

with UCS of 240 MPa derived from Eq (6.11). Therefore, (∆𝐸)𝑚𝑎𝑥 and ∆𝐸 can be expressed as: 

(∆𝐸)𝑚𝑎𝑥 = 𝐸𝑚𝑎𝑥 − 𝐸𝑚𝑖𝑛 (6.14) 

∆𝐸 = 𝐸 − 𝐸𝑚𝑖𝑛 (6.15) 

6.2.7.1 Limestone 

Limestone is a carbonate sedimentary rock in which many oil and gas reservoirs are located. 

Calcium carbonate is the main composing mineral of this rock type. The pH value of CO2-bearing 

fluids in these rocks increases due to the dissolution of calcium carbonate. Equation (6.10) 

indicates that the limestone rocks are more prone to the deformation process. 

6.2.7.1.1 Injection wells  

Figure 6.12 shows that at the depth of 800 m and for (∆𝐸)𝑚𝑎𝑥/∆𝐸 less than 33% the cr and the 

cc will remain safe. At (∆𝐸)𝑚𝑎𝑥/∆𝐸 greater than or equal to 33% and the depth of 800 m the cr 

fails due to either the formation of PDB or DSB. As can be observed in Figure 6.12 (a), the cc 

fails at locations deeper than 800 m. Therefore, either the cc or the cr will fail except at the depth 

of 800 m and for (∆𝐸)𝑚𝑎𝑥/∆𝐸 less than 33%. The cr is compacted a short time after the start of 

the CO2 injection at all depths and for all the values of the Young’s modulus, 𝐸. Figure 6.13 is an 

example that shows the change in the deformation criterion, 휂𝑑, for an injection well in a limestone 
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formation at the Young’s moduli of 10.29 and 57.85 GPa within a five-year time period. It is 

predicted that the cement sheath will not fail in a time period of less than 3726 years.  

 

Figure 6.12. The failure of (a) the cc due to the tensile stress; (b) the cr due to the shear stress; 

(c) the cr due to tensile stress for an injection well in a limestone formation. 

 

Figure 6.13. The evolution of the deformation criterion, 휂𝑑, for an injection well in a limestone 

formation at the Young’s moduli of 10.29 and 57.85 GPa within a five-year time period. 

6.2.7.1.2 Abandoned wells 

The rock-cement-casing assemblage will remain safe in an abandoned well. The cr will be 

compacted due to the deformation process, as shown in Figure 6.14 (a). The tendency of the 

cement sheath to become dilated due to the shear stress as the succeeding process is shown in 

Figure 6.14 (b). This figure indicates that the cement sheath retains its integrity for more than 

3199 years. 
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Figure 6.14. (a) The deformation time of the cement-rock interfacial transition zone; (b) the shear 

failure time of the cement sheath for an abandoned well in a limestone formation. 

6.2.7.2 Sandstone 

Sandstones are one of the common clastic sedimentary rocks that has a significant contribution 

to hydrocarbon reservoirs. They are mostly composed of silicates (SiO2). CO2-bearing fluids are 

rarely impacted by sandstone. The degree of acidity of CO2-bearing fluids remains intact and its 

initial composition prolongs for far longer than when it is exposed to limestone rocks. As can be 

inferred from Eq. (6.9), the deformation process is less likely to occur in sandstones. This justifies 

the brittleness behaviour of sandstones.   

6.2.7.2.1 Injection wells 

Either the cr or cc will be failed in injection wells in sandstone formations, except at the depth of 

800 m and in (∆𝐸)𝑚𝑎𝑥/∆𝐸 less than 33% as shown in Figure 6.15. The cr fails due to the shear 

stress with increasing in the Young’s modulus. It can be interpreted that with increasing ductility 

of sandstone, the shear failure tendency of cr decreases. The cc remains intact at the depth of 

800 m while it fails due to tensile stress beyond that depth. This is due to an increase in the 

temperature reduction at deeper depths. The cr is compacted in the first few days and the cement 

sheath shows an indefinite lifespan. 
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Figure 6.15. The failure of (a) the cc due to the tensile stress; (b) the cr due to the shear stress; 

(c) the cr due to tensile stress for an injection well in a sandstone formation. 

6.2.7.2.2 Abandoned wells 

For abandoned wells in sandstone formations, the cr is only affected by the stress state. The in-

situ horizontal stress deforms (or compacts) the cr. This phenomenon increases the strength of 

the cr by reducing the porosity. 

6.3 Prediction methodology 

In the cases studied in this chapter, the alteration of the rock-cement-casing assemblage was 

simulated over a five-year time period. 2227 simulation cases were run to evaluate the effect of 

predefined parameters on the wellbore integrity. Consequently, conducting the model to simulate 

the behaviour beyond five years is a time-consuming and computationally expensive process. In 

addition, as observed in some cases, the failure time is predicted to be over thousands years. 

This means that the effect of the cumulative truncation and the round-off errors will bias the 

numerical trends. Therefore, to provide a comprehensive parametric study, a five-year time period 

was chosen for the simulations. The performance of the ITZs and the cement sheath were 

extrapolated based on the best fitted linear model to calculate their lifespan. As an example, the 

performance of the cement sheath under the shear stress within the first five years is shown in 

Figure 6.16 (a)-(c). The linear extrapolation predicts that the cement sheath will prolong for a 

minimum of 3714 years. Nevertheless, Figure 6.16 (a)-(c) not only confirm the validity of the 

extrapolated lifespans but also show that the cement sheath maintains its integrity longer than 

predicted by the extrapolation technique. This issue can be observed in the changing trends 

towards either the lower or constant values in a 50-year time period in Figure 6.16 (d)-(f). 
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Figure 6.16. The shear failure time of the cement sheath for an injection well which abandoned 

after 2.5 years of being used for CO2 injection, the performance of the cement sheath within the 

first five years at the depths of (a) 800, (b) 1650, and (c) 2500 m; and the first 50 years at the 

depths of (d) 800, (e) 1650, and (f) 2500 m. 

6.4 Summary and conclusion 

This chapter provides a parametric study on the wellbore integrity at different conditions found in 

CO2 storage sites. The model developed in previous chapter of this thesis is used to investigate 

the performance of the rock-cement-casing assemblage in both injection and abandoned wells. 

As can be understood from Table 6.5, either the failure of the cc or cr is inevitable in 

injection wells. Although the failure at the cr in the injection wells is less likely to occur than in cc 

locations, it would be more detrimental. Indeed, the cr failure directly provides the leakage 

pathway for CO2-bearing fluids to shallower depths while CO2-bearing fluids must pass through 

the cement sheath to reach the gap between the cement and its casing. Table 6.5 indicates that 

the deformation of the cr is expected under all conditions found in CO2 storage sites. In addition, 

the carbonation process reduces the porosity and increases the strength of the calcite 

precipitation zones close to the cement-rock interface. These aforementioned reasons are 

enough to narrow the chance of CO2-bearing fluids breaking through the cement sheath towards 

the cement-casing interface. Nevertheless, the low permeability of the cement sheath itself limits 

the fluid permeation. Abandoned wells show that they are completely under the impact of the 

deformation process, and none of DSB and PDBs are expected to disintegrate them within the 

first millenarian after exposure to CO2-bearing fluids. 

Both Injection and abandoned wells are subject to the compaction forces prior to the 

commencement of CO2-injection and exposure to CO2-bearing fluids, respectively. Therefore, 

although their activity were observed in the simulations in this chapter, they have been actually 



 

196 
 

acting on the cement-rock-casing assemblage since the establishment of the wellbores. The 

cement sheath, in both injection and abandoned wells, is seen to retain its integrity for the 

minimum of one thousand years. It is worth noting that the compaction of the cr also helps the 

cement sheath in prolonging its lifetime.  
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Table 6.5. The summary of the parametric study on the wellbore integrity (the values and bounds are provided in this table are estimations of disscussions 

in each section. Please, refer to the corresponding sections for more details). 

Investigated parameter 
Cement-casing interfacial 

transition zone 
Cement-rock interfacial transition zone Cement sheath 

Temperature ( it is only 

investigated in injection 

wells) 

PDB mainly forms at ∆𝑇𝑤/(∆𝑇)𝑚𝑎𝑥 

greater than or equal to 50% and at 

depths deeper than 1140 m during 

the first days after starting CO2 

injection. 

DSB approximately forms at ∆𝑇𝑤/(∆𝑇)𝑚𝑎𝑥 greater than or 

equal to 25%. The maximum bound for the formation of 

DSB is 100% for ∆𝑇𝑤/(∆𝑇)𝑚𝑎𝑥 at the depth of 800 m while 

this bound decreases to about 60% at the depth of 2500 m 

during the first days after starting CO2 injection. 

PDB almost forms at the range of 45-60% for 

∆𝑇𝑤/(∆𝑇)𝑚𝑎𝑥 when 𝑇𝑒 is constant. This range changes to 

90-100% when 𝑇𝑤 is constant at the depth of 800 m during 

the first days after starting CO2 injection. 

It is fully compacted during the first days after 

starting CO2 injection. 

It remains safe. The minimum lifespan is 

1897 years predicted for the cement 

sheath under the impact of the shear 

stress.  

Composition and porosity 

in Injection wells 

Early dilation at depths of 1650 and 

2500 m. 

DSB occurs under the following circumstances during the 

first days after starting CO2 injection: 

1- At the depth of 800 m, for all values of 𝜙 and 𝑥𝐶𝐻 
except at 𝜙 of 0.05 and 𝑥𝐶𝐻 ≥ 25%. 

2- At the depth of 1650 m, for 0.20 ≤ 𝜙 ≤ 0.25 and 
15% ≤ 𝑥𝐶𝐻 ≤ 20%. 

3- At the depth of 2500 m, the approximate range is 

0.15 ≤ 𝜙 ≤ 0.25 and 15% ≤ 𝑥𝐶𝐻 ≤ 25%. 

The minimum lifespan is 663 years 

predicted for the cement sheath if DSB 

forms at the depth of 1650 m. Therefore, 

the cement sheath retains its integrity for 

a long period of time. 
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The approximate zone for the formation of PDB is  

0.15 < 𝜙 ≤ 0.25 and 15% ≤ 𝑥𝐶𝐻 ≤ 35% at the depth of 800 

m, while at the depths of 1650 and 2500 m it will retain its 

integrity for 494 and 1E+5 years, respectively. 

It is fully compacted at all depths during the first 

days after starting CO2 injection. 

Composition and porosity 

in abandoned wells 

The minimum lifespan is 1628 years 

predicted for the formation of PDB at 

the depth of 2500 m. 

The minimum lifespan is 1775 years predicted if PDB forms 

at the depth of 800 m. 

It is fully compacted at all depths and very early at 

the first days after exposure to CO2-bearing fluids. 

The minimum lifespan is 2178 years 

predicted for the cement sheath if PDB 

forms at the depth of 2500 m. This 

means that the cement sheath at least 

remains safe for two thousand years. 

In-situ horizontal stress in 

Injection wells 

PDB forms at wells deeper than 800 

m. 

DSB occurs under the following circumstances: 

1- At the depth of 800 m. 
2- Approximately at the depths between 1650-2500 

m, and for ∆𝜎𝑖𝑛−𝑠𝑖𝑡𝑢/(∆𝜎𝑖𝑛−𝑠𝑖𝑡𝑢)𝑚𝑎𝑥 in the range of 
0-10%. 

It is fully compacted at all depths and all the values 

of the in-situ horizontal stress once CO2 injection is started. 

None of DSB, PDB, and CSB are 

predicted to impact the cement sheath in 

a time period less than three thousand 

years. 

In-situ horizontal stress in 

abandoned wells 

The formation of CSB approximately 

at ∆𝜎𝑖𝑛−𝑠𝑖𝑡𝑢/(∆𝜎𝑖𝑛−𝑠𝑖𝑡𝑢)𝑚𝑎𝑥 in the 

range of 60-100% and at the 

locations deeper than 1225 m during 

It is early compacted at all depths and all values of 

∆𝜎𝑖𝑛−𝑠𝑖𝑡𝑢/(∆𝜎𝑖𝑛−𝑠𝑖𝑡𝑢)𝑚𝑎𝑥. 

It will be compacted at the depth of 2500 

m and ∆𝜎𝑖𝑛−𝑠𝑖𝑡𝑢/(∆𝜎𝑖𝑛−𝑠𝑖𝑡𝑢)𝑚𝑎𝑥 of 100% 

104 years after being exposed to CO2-

bearing fluids. The lifespan of the cement 

sheath increases to 1E+5 at the loci of 
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the first few days after exposure to 

CO2-bearing fluids. 

∆𝜎𝑖𝑛−𝑠𝑖𝑡𝑢/(∆𝜎𝑖𝑛−𝑠𝑖𝑡𝑢)𝑚𝑎𝑥 = 0 and the 

depth of 800 m. 

Fluid pressure ( it is only 

investigated in injection 

wells) 

PDB forms at wells deeper than 800 

m once CO2 injection project is 

started.  

DSB forms at depths of 800 m and 2500 m for all values of 

𝑝𝑓 once CO2 is injected. At the same time scale, DSB will 

also be formed at the depth of 2075 m and for 

∆𝑝𝑓/(∆𝑝𝑓)𝑚𝑎𝑥 greater than 60%. 

It is compacted at all depths and all the values of 

the fluid pressure during the first few days after starting CO2 

injection. 

None of DSB, PDB, and CSB are 

predicted to impact the cement sheath in 

less than three thousand years. 

The thickness of the 

cement sheath in injection 

wells 

PDB forms at wells deeper than 800 

m once CO2 injection project is 

started. 

DSB forms at depths of 800 m and 𝑡/𝑟 in the range of 0.07-

2.44 once CO2 is injected. 

It is compacted at all depths and all the values of 

the cement sheath thickness during the first few days after 

starting CO2 injection. 

None of DSB, PDB, and CSB are 

predicted to impact the cement sheath in 

less than three thousand years. 

The thickness of the 

cement sheath in 

abandoned wells 

It will remain safe for at least one 

thousand years, and then PDB will 

form. 

It is compacted at all depths and all the values of the 

cement sheath thickness during the first few days after 

exposure to CO2-bearing fluids. 

It will remain safe for at least one 

thousand years, and then PDB will form. 

pH in injection wells 

PDB forms at wells deeper than 800 

m once CO2 injection project is 

started. 

Early formation of DSB at the depth of 800 m for the entire 

range of pH, at the depth of 2500 m for ∆𝑝𝐻/(∆𝑝𝐻)𝑚𝑎𝑥 in 

the range of 0-29.7%.  

It will remain safe for 2907 years, and 

then DSB will form. 
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It is compacted at all depths and all the values of 

pH during the first few days after starting CO2 injection. 

pH in abandoned wells 

It will remain intact for 2450 years, 

and then PDB will form. 

It keeps its interity for 3555 years, and then PDB will form. 

It is compacted at all depths and all the values of 

pH after being exposed to CO2-bearing fluids. 

It will remain safe for 3932 years, and 

then DSB will form. 

Rocks: limestone 

surrounding injection wells 

PDB forms at wells deeper than 800 

m once CO2 injection project is 

started. 

The formation of DSB at depth of 800 m, and ∆𝐸/(∆𝐸)𝑚𝑎𝑥 

in the range of 33-51% during the first few days after 

starting CO2 injection. 

The formation of PDB at ∆𝐸/(∆𝐸)𝑚𝑎𝑥 greater than 

33% at the depth of 800 m during the first few days after 

starting CO2 injection. 

It is compacted at all depths and all the values of 𝐸 

during the first few days after starting CO2 injection. 

It will fail after 3726 years due to the 

shear stress. The CSB is expected to 

deform the cement sheath after 3265 

years. 

Rocks: limestone 

surrounding abandoned 

wells 

It will collapse due to the tensile 

stress 1318 years after exposure to 

CO2-bearing fluids. 

It is compacted at all depths and all the values of 𝐸 after 

being exposed to CO2-bearing fluids. 

It will fail after 3199 years, and then DSB 

will form. 

Rocks: sandstone 

surrounding injection wells 

PDB forms at wells deeper than 800 

m once CO2 injection project is 

started. 

The formation of DSB approximately at ∆𝐸/(∆𝐸)𝑚𝑎𝑥 

greater than 42% and all depths during the first few days 

after starting CO2 injection. 

The cement sheath will fail due to the 

shear stress 2886 years after starting 

CO2 injection. 
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 The formation of PDB at ∆𝐸/(∆𝐸)𝑚𝑎𝑥 in the range 

of 36-69% at the depth of 800 m during the first few days 

after starting CO2 injection. 

Rocks: sandstone 

surrounding abandoned 

wells 

The formation of DSB at the cc place 

after 2305 years. 

It is compacted during the first few days after exposure to 

CO2-bearing fluids at all depths and the Young moduli. 

The CSB is expected to deform the entire 

cement sheath 2618 years after 

exposure to CO2-bearing fluids. It will 

also fail after 2781 years due to the shear 

stress. 
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Chapter 7 

Conclusions, Summary, and Recommendations 

7.1 Summary and conclusion 

As outlined in the chapter for the literature review, the invasion of CO2-bearing fluids into the 

cement matrix results in the formation of four main zones, including a calcium-silicate-hydrate 

dissolution zone, a calcite precipitation zone, Portlandite dissolution zone, and an intact zone. 

Two types of reactions are distinguished in the literature to occur between the solid phase and 

the CO2-bearing fluids, including the degradation and the carbonation reactions. The degradation 

term is used in the reviewed literature for the reactions lead to the calcium leaching from the 

cement matrix. The reactions that results in the calcium precipitation, mostly in the form of calcium 

carbonate are referred to as carbonation. The residence time and the degree of acidity are 

mentioned in the literature as two main factors controlling the degradation process associated 

with CO2-bearing fluids passing through the cracks. The high degree of acidity and the short 

residence times accelerate the degradation process. These conditions eventually widen the 

cracks. In contrast, a low degree of acidity and long residence times leads to the precipitation of 

calcium and the blockage of the cracks. Although a crack can show an increase in the separation 

due to the degradation process, its walls are still liable to be closed due to the disintegration of 

the pillars and the asperities which keep them open. For the gaps between the cement and casing, 

CO2-bearing fluids affect the casing more than the cement matrix. However, the formation of scale 

on the surface of the casing prevents its further corrosion.  

In this thesis, it is assumed that: 

i. The cementing job has been perfectly conducted.  

ii. None of the operations after the cementing job (for example, re-completion 

and perforating, etc.) damaged the rock-cement-casing assemblage. 

iii. The rock-cement-casing assemblage has not been damaged due to tectonic 

movements. 

iv. Well logs corresponding to the quality of the rock-cement-casing assemblage 

(such as cement bond logs, CBL) confirm vigour and health of wells in CO2 

storage sites prior to CO2 injection. 

v. The in-situ horizontal stress is not negligible. 



 

203 
 

With considering these main assumptions in this study the following conclusions are drawn: 

 The cement sheaths which are embedded in a limestone formation are less at the risk 

from alteration. This is due to the increase in the saturation degree of calcium within CO2-

bearing fluids passing through limestone formations. The sandstone formation does not 

significantly affect the composition of CO2-bearing fluids. Therefore, they will be able to 

leach out a higher proportion of calcium from the cement sheaths. 

 The radial cracking of weakened zones in the presence of a low confining stress on the 

outer face of the cement sheath provides high permeability passages for CO2-bearing 

fluids towards the inner parts of the cement matrix for an abandoned well. On the other 

hand, increasing the confining stress could compact the weakened parts. This 

phenomenon reduces the porosity of the impacted layers and limits the diffusion of CO2-

bearing fluids into the inner parts of the cement matrix. For the radial cracking and 

compaction, the lifespan of the cement sheath increases by 15 and 25 fold, respectively, 

with increasing the thickness of the cement sheath for abandoned wells from 6 to 222 mm 

for a casing with the outer radius of 88.90 mm (or the diameter of 7 inches). 

 The minimum lifespan of a cement sheath (the lifespan is the time at which the cement 

sheath fails) with a radial thickness of 26.67 mm, at the depth of 2500 m is expected to be 

56 years while the radial cracking process is active. An abandoned well will maintain its 

integrity for at least of 1822 years for the worst case scenario when the cement sheath is 

affected by the radial compaction. For radial cracking in an abandoned well, the lifespan 

of the cement sheath decreases by about 39% with every 425 m increase in depth. This 

can be deduced that abandoned wells will be more at the risk of failure at deeper locations 

if the radial cracking process is active. However, for abandoned wells in the case of the 

active radial cracking, the CO2 leakage to the Earth’s surface will be delayed at the 

shallower depths where the lifespan of the cement sheath is more than it is at deeper 

locations. In abandoned wells, this would be the case if the radial cracking was active, 

otherwise, the lifespan of the cement matrix would be more than 1822 years after being 

exposed to CO2-bearing fluids. 

 Most of the time, in the radial cracking process, the depth of the carbonation front stops 

moving into the cement sheath at the end of the first year. The thickness of the cement 

sheath has the most effect on the shape of the porosity and calcium carbonate profiles 

versus time. Both profiles are seen to be increasing within the first year of being exposed 

to CO2-bearing fluids. It was observed that the depth of the carbonation front decreases 

with increasing cement sheath thickness. In the compaction process, the ingress of the 

carbonation front is a function of the reduction in the porosity of the compacted layers 

rather than the composition of the cement sheath. In this process, where the porosity of 

the compacted layers reduces to a fraction of its initial value, the volume percentage of 
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calcium carbonate and the porosity within the calcite precipitation zone become stabilised 

at the end of the five-year time period after being exposed to CO2-bearing fluids. 

 The minimum volume percentage of calcium carbonate that is observed in the calcite 

precipitation zone is less than 4%. With time the volume percentage of calcium carbonate 

increases and the porosity shows a reduction. The increase in the depth has no significant 

impact on the interval (from the minimum value to the maximum value) of the volume 

percentage for calcium carbonate and porosity in the calcite precipitation zone. 

 It was observed in the framework of a plastic-damage model benefitting from the bands 

concept that abandoned wells are secure regarding failure mechanisms, including the 

pure dilation bands (PDB) and the dilation shear bands (DSB). The degradation process 

leads to the shrinkage of the failure envelope while the compaction process expands the 

cap surface. 

 In injection wells, the temperature drop within the rock-cement-casing leads to tensile 

stress. The casing-cement is expected to fail (in the form of PDB) in the early days 

following the commencement of CO2 injection. This failure provides an annular space 

around the casing. Later on and prior to the 200th day after CO2 injection starts, the rock-

cement interface encounters a shear failure (DSB) which increases the porosity at this 

location by 8%. The gap between the cement and casing is more conductive compared to 

the gap which is created at the location between the rock and cement. The rock-cement 

interface is compacted within this period leading to the formation of the compaction shear 

bands (CSB). In injection wells, the failure (i.e., the formation of PDB or DSB) at the 

locations of the ITZs could be expected. The failure of the rock-cement interface is more 

dangerous compared to the failure at the casing-cement interface. The data in Table 6.5 

indicate that the rock-cement interface will be compacted under all conditions which are 

most likely to be found in a CO2 storage site. 

 None of the DSB and PDB are expected to affect the abandoned wells, indeed they are 

highly impacted by the deformation process (the formation of CSB). For both injection and 

abandoned wells, the cement sheath will maintain its integrity for at least one thousand 

years. The extremely low permeability of the cement sheath, the formation of calcite 

precipitation zone within the cement sheath close to the cement-brine interface, and the 

creation of CSB at the rock-cement interface decreases the chance of CO2 leakage 

through failed ITZs or by diffusing through the cement matrix. 

7.2 Recommendations 

After considering all topics which have been discussed in this study throughout chapters 2-6, 

there are still some issues which need further investigations as follows: 

 Mud and slurry filtrates can permeate into the surrounding rocks during the drilling and the 

cementing job, respectively. Based on this, the pores of the rock will be filled with either a 

mud filtrate or cement slurry. Therefore, there may not be a perfect distinct boundary 
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between the cement and the surrounding rocks as considered in this thesis. The rock-

cement interface will probably not be perfectly cylindrical. The shape of the rock-cement 

interface can be assumed similar to a closed perimeter in which the radius of the cement-

rock interface randomly changes. One can improve the model by embedding this type of 

rock-cement boundary in the simulations.  

 The pressure which is created due to the crystallisation of calcium carbonate could affect 

the structure of the cement sheath at the calcite precipitation zones. This pressure is 

probably results in the formation of cracks at the calcite precipitation zone facilitating the 

permeation of CO2-bearing fluids into the inner parts of the cement sheath. Therefore, the 

model can be updated by considering crystallisation pressure. 

 Although the degradation process leads to an increase in the porosity of the affected areas 

in the cement matrix, its effect on the opening cracks could be paradoxical. Indeed, the 

degradation of asperities and pillars which keep the cracks open may result in an 

unexpected self-healing behaviour. In addition, in the case of a significant pressure drop 

caused by leaking CO2-bearing fluids, the dislodged parts of the rock and cement matrix 

can move and hinder the leakage passages. The model needs to be updated with respect 

to these issues while one applies the model for cracked rocks or cement matrices. 

 In this study, the cement matrix is assumed to be initially made of Portlandite and calcium-

silicate-hydrate. However, different types of additives such as accelerators, retarders, 

extenders, fluid loss and circulation additives, and dispersants have been used for well 

cementing job to fulfil the requirements for setting the cement slurry at different depths. 

They alter the chemical composition of the cement matrix which needs to be considered 

in the geochemical calculations. The casing was assumed to remain intact. This is based 

on the fact that it takes a long period of time for CO2-bearing fluids to reach the cement-

casing interface. The model can be improved by considering the chemical reactions in 

which the casing is also involved. Although the effect of the surrounding limestone and 

sandstone rock were analysed, other rock types can also be considered, and accordingly, 

be imported in both the geochemical and geomechanical calculations. 

 The geochemical and geomechanical calculations, in this thesis, are conducted in an 

iterative approach. Part for the geochemical reactions are simulated using the CrunchFlow 

code, and the results are imported into the geomechanical part. The results from the 

geomechanical part are subsequently imported into the geochemical simulation part. This 

cycle continues until the whole cement sheath fails. It is assumed that CO2 is completely 

dissolved in brine, therefore increasing the fluid pressure does not directly affect the 

chemical reactions. Applying a fully implicit approach which simultaneously solves all the 

geochemical and geomechanical calculations will increase the precision and the reliability 

of results. Nevertheless, this type of solution is computationally demanding and needs a 

significant amount of processing to make a consistent matrix of involving equations.  
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 The plastic-damage model for the cement matrix is developed in works such as (Lee and 

Fenves 1998, Oliver et al. 2001, Grassl and Jirásek 2006a, 2006b, Grassl et al. 2013, 

Jiang and Zhao 2015, Wu and Cervera 2016, Zhou et al. 2020). These types of model 

usually benefit from eight to more than ten experimental constant parameters, a plastic 

potential function, a hardening function, and a damage model. They are implemented 

using the finite element analysis method (FEA). This method of analysis eases the dealing 

with complex geometries although it is computationally expensive. To be unleashed from 

the complexity corresponding to the implementation of FEA, the meshfree methods, such 

as those presented in (Belytschko, Organ, and Krongauz 1995, Belytschko et al. 1995, 

Belytschko, Lu, and Gu 1994, Krongauz and Belytschko 1996) are suggested although 

they could be sometimes more time-consuming in terms of solving equations. In this 

thesis, the numerical approach is based on the finite difference method (FDM) which can 

be improved using FEA or meshfree methods to account for more complex geometries. 

The applications of these models are generally limited to a specific range of uniaxial 

compressive strengths (UCS) for the cement matrix. The alteration in the constant 

parameters with changing chemical composition due to the invasion of CO2-bearing fluids 

is not apparent in them. It seems to be a challenge to decipher the functionality of these 

constant parameters with changing chemical composition. Therefore, a set of experiments 

needs to be designed to clarify these relationships. The plastic-damage behaviour of the 

rock can also be characterised in a similar manner used for the cement matrix but with 

especial models particularly developed for them. The cement matrix shows a quasi-brittle 

behaviour while the behaviour for the rocks can change from ductile to brittle depending 

on the surrounding conditions and their compositions. Please, refer to (Potyondy 2015, 

Wong and Baud 2012) for more details on the behaviour of the rocks. Although a novel 

approach is used for the modelling of ITZs in Section 5.7.1.6 and 5.7.3, They can be 

classified as ‘perfect’ and ‘imperfect’. One can test the interface models using those 

approaches which are mainly developed in the mechanics of composite materials to 

increase the validity of the rock-cement-casing model in the case of observing 

incompatibility between the experimental and simulation results. Please, refer to (Hashin 

2002, Antipov et al. 2001, Benveniste and Miloh 2001, Mishuris 2004, Torsæter, 

Todorovic, and Lavrov 2015, Lavrov 2018) for more information on modelling bonds 

between interfaces. 

 In Chapters 3 and 5, the author attempts to verify the models by using the most related 

published literature on the behaviour of a rock-cement-casing assemblage. However, to 

the best of the author’s knowledge, there is a dearth of experimental information available 

on the behaviour of the rock-cement-casing assemblage under the impact of CO2-bearing 

fluids. To verify the models in this study it is suggested that planned experiments be 

conducted to evaluate their reliability. It is worth noting that it would need a detailed 
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experimental design from setting, running, waiting on the chemical procedure, and 

analysing data. 

 In this study, the pure CO2 is assumed to be dissolved in brine and subsequently impacts 

the rock-cement-casing assemblage. The impurities such as O2 and SO2 could alter the 

behaviour of the CO2-bearing fluids which need further studies. 
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