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Abstract 

As a key component of the wellbore barrier system, cement provides zonal isolation and structural 

support during the entire life of a well. However, even when the cement is properly placed in the 

well, the zonal isolation may be lost over time. Failure to establish and maintain an effective barrier 

can result in negative environmental and economic impacts such as leakage of formation fluids 

into the environment or loss of productions and costly remediation operations. The microstructure 

of the wellbore cement body and the various possible interfaces (e.g. cement-casing and cement-

rock) have a large influence on controlling the long-term integrity of the well.  

 

This study presents a systematic workflows for preparing, characterizing and analyzing the 

downscaled samples simulating cement body and various interface conditions (e.g., cement-casing, 

cement-rock), which represent various potential leakage pathways in a well at the microscale. 

Formation rocks, steel pipes and various cement blends were utilized to prepare the downscaled 

samples. Microscope, micro computed tomography (micro-CT), traditional and environmental 

scanning electron microscopy (SEM/ESEM) were employed to characterize the prepared samples 

at a resolution from 0.01 µm to 16.87 µm. Digital image processing technique and CT-based CFD 

modelling were conducted to examine and analyze the 2D and 3D microstructures and their impact 

on permeability. 

 

At the micron scale (2.64 µm), non-uniform porosity distribution in cement sample was observed, 

which caused the permeability disparities at different locations. A characteristic correlation 

between effective porosity and permeability was used to estimate the permeability of the cement 

sample. A comparative study on the porosity and permeability of early-age well cement and 
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formation rocks reveals that the cement porosity and permeability data are mainly comparable to 

those of a tight sandstone. Comparisons also show that the early-age well cement has a narrower 

permeability range than formation rocks. The trend of cement linear fitting curve suggests that if 

the hydration process of neat early-age well cement sample continues, poroperm characteristics 

will approach those of shale. 

 

Analysis on the stress-induced cement fractures generated by uniaxial compression demonstrates 

that the fractures in cement matrix created by the monotonic compressive stress (up to the limit of 

uniaxial compressive strength, UCS), are not likely to form continuous leakage pathways. This is 

because the 2D fractures in cement matrix as shown by SEM images are in limited dimensions 

while the 3D fractures in cement matrix observed from CT-based 3D models have poor 

connectivity, generally indicating that leakage pathways which have significant permeability 

would not form as a result of compressing the cement samples up to their UCS limits. Inclusion of 

a fiber additive is expected to enhance cement integrity by limiting the fracture propagation. 

 

Any significant change in the relative humidity (RH) of the environment during the cement 

preparation, curing and testing processes significantly affects the size of the gap at the cement-

casing interface in test samples. Analyses of the ESEM images have shown that the 2D non-

uniform gap size between the cement and the casing is inversely proportional to the change in the 

relative humidity (RH) of the environment. As long as the RH of the environment does not change 

significantly, the cement is expected to undergo a limited shrinkage and the gap between the 

cement and the casing may not induce any significant leakage pathway as the gap is only locally 
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distributed at the cement polished surface without showing any significant connectivity along the 

wellbore axis.  

 

Analyses on the cement-rock CT images revealed that the cement-rock interface zone had higher 

porosity than its neighboring zones. CT-based flow simulation study implies that the cement-rock 

interface is more likely to provide the leakage pathway when intact caprock exists. The size of the 

gaps observed at the cement-rock interface through ESEM images was significantly reduced by 

optimizing the cement chemistry. The effect of the expansion agent on gap size change, however, 

varied depending on the rock properties such as rock density and porosity. The reduction rate of 

the gap size due to addition of expansion agent was found to be improved with the low-density 

rocks. 

 

Porosity and gap (between casing and cement) size analysis on the casing-cement-casing samples 

show that the inner cement-casing interface has a better bonding than the outer cement-casing 

interface. The density gradient caused the non-uniform porosity distribution in the vertical 

direction. Analysis on the rock-cement-casing samples indicates that cement porosity close to the 

cement-casing interface is lower than the cement porosity close to the cement-rock interface and 

this result is independent of rock type. Gaps were observed at the cement-rock interface in the 

rock-cement-casing samples. Besides, the gap size found at the cement-rock interface is 

significantly larger than those observed at the cement-casing interface.   
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Chapter 1 Introduction 

 

1.1 Overview 

Following drilling operations, oil and gas wells are completed by running nested steel casing pipes 

in the borehole and cementing the annular space between different casing strings and/or between 

the last casing string and the surrounding ground/formation (see Figure 1-1a). Wellbore cement is 

the most important barrier. Good well cementing provides structural support and zonal isolation 

throughout the life of a well, from well construction, through hydrocarbon production, to post-

abandonment. Failure to establish and maintain an effective barrier can result in negative 

environmental and economic impacts such as leakage of formation fluids into the environment or 

loss of productions and costly remediation operations. 

 

However, even when cement is properly placed in the well, zonal isolation may be lost over time. 

Leakage may occur from oil and gas wells due to the failure of the wellbore barrier system. Celia 

et al. (2005) summarized the possible causes of the leakage, as shown in Figure 1-1b.  The leakage 

can be treated under two categories: surface casing vent flow (SCVF) and gas migration (GM). 

Surface casing vent flow is the gas leaking from the annular space between the production casing 

and the surface casing, corresponding to the cases II, III and IV in Figure 1-1. Gas migration is the 

gas leaking into the formations or soil outside of the surface casing, corresponding to the cases I, 

V and VI in Figure 1-1. Bonett & Pafitis (1996) explained the detailed major contributing 

parameters for gas migration, as shown in Figure 1-2.  
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Figure 1-1 Potential leakage pathways in the well. 

Between cement and casing (I and II), through the cement (III), through the casing (IV), through fractures 

(V), and between cement and formation (VI). Modified from (Bachu, 2017; Celia et al., 2005). 

 

 

Figure 1-2 Main reasons caused the gas migration(modified from Bonett & Pafitis (1996)). 
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The negative impact of gas leakage on field production can range anywhere from blowout, which 

may cause the death of the field personnel, destruction of the oil field facility and the long-term 

cessation of the production, to residual gas pressure of just a few psi at the wellhead (Bonett & 

Pafitis, 1996). Besides, conducting frequent remedial cementing jobs to reduce the gas leakage 

levels to meet the safety policies and regulations, could be very time consuming and costly (Bol 

et al.1991).  

 

As a main component of natural gas, methane traps more than 70 times more heat over a 20-year 

period than the equivalent amount of carbon dioxide(Government of Canada, 2019). Methane is 

also the second most common greenhouse gas (GHG) in Canada, responsible for about 15% of the 

total GHG emissions. The oil and gas sector is the largest industrial polluter of methane emissions 

in Canada, releasing 44% of the country’s total methane emissions(Government of Canada, 2018a). 

As the main oil and gas producer in Canada, Alberta has the largest number of oil and gas wells in 

the country (∼75%) by far. Fugitive emissions from oil and gas wells are a major contributor to 

uncontrolled methane release. The latest report from the Alberta Energy Regulator (Alberta Energy 

Regulator, 2018) showed that Alberta has an increasing trend of leaking wells, as shown in Figure 

1-3. 
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Figure 1-3 The increasing trend of leaking wells in Alberta since 2000 (Alberta Energy Regulator, 2019). 



4 

 

An improved understanding of the drivers behind fluid leakage (i.e. stresses creating fractures 

along the cement/casing, cement/borehole interfaces and within the cement body), based on the 

results from the experimental investigation and numerical simulation studies were investigated in 

this study and such efforts result in a better understanding of the factors influencing the gas leakage 

from oil and gas wells, which will be useful for fulfilling Canada’s plan to reduce its greenhouse 

gas emissions to 30% below 2005 levels by the year 2030 (Government of Canada, 2018). 

 

1.2 Statement of the problem 

A major contributing factor to the growth in leakage is the increased mechanical stresses to which 

modern wells are being subjected. Multi-stage hydraulic fracturing treatments, for example, 

subject the wells to high cyclic stress loads, which arise from the high-pressure swings used in 

each fracturing stage. Depending on the formation, it is quite common for wells to be stimulated 

up to 50 stages. Such cyclic loads are well known to debond the cement from the casing and the 

general trend is for methane emission rates to increase post-fracturing treatment significantly. The 

rates of post-fracturing leakage will likely be further exacerbated by new refracturing technology 

in which existing wells are re-stimulated years after their initial stimulation. This subjects the wells 

to even more cyclic stresses on top of any damage from the first round of stimulation. The impact 

of refracturing on gas leakage is not understood, but it is highly likely that it will not have positive 

impacts on well integrity and gas leakage. Debonding can also be caused by thermal stresses due 

to thermal cycling induced by injection of a relatively cold or hot fluid down the well (Lavrov & 

Cerasi, 2013).  

 

Experimental observations of cement bonding to a wall made of steel or sandstone suggested that 

debonding maybe associated with the microstructural changes that take place in the near-wall zone, 

also known as the interfacial transition zone (ITZ), which is developed along the cement/casing 

and cement/rock interfaces (Scrivener et al., 2004). A recent experimental study (Torsæter et al., 

2015a) has shown that fracturing and debonding of cement in the ITZ can occur and that the exact 

failure mode depends on the curvature of the interface. Samples with a convex interface between 

cement and steel pipe (cement surrounding a casing) displayed radial fractures oriented normal to 

the interface. Samples with a concave interface (cement plug inside a rock/steel hollow cylinder) 
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displayed discontinuities (fractures) running within the ITZ, along the interface. The discontinuity 

developing along a concave interface between cement and porous rock was found to be more 

irregular than the one developing along a concave cement-steel interface.  

 

Despite the importance of the microstructure of the near-wall zone, there are only a few studies 

that have investigated the cement-casing interface at the micron scale. Torsæter et al., (2015) 

studied the microstructure of the cement-casing interface by using micro-CT and scanning 

electronic microscope (SEM). They found gaps (also called as microannuli) at the cement-casing 

interface. The gaps at the cement-casing interface were indicated as one of the most significant 

leakage pathways (Carey et al. 2010). Experimental tests shown the gas permeability of cemented 

casing section with gaps could reach to 600 mD (Rushch et al., 2004). Torsæter et al., (2015) 

suggested that these gaps were likely to be caused by the cement shrinkage. The cement shrinkage 

can be divided into two major categories: a chemical shrinkage, which results from autogenous 

chemical reactions taking place in the cement matrix, and a drying shrinkage, which is sensitive to 

the RH change (Gajewicz et al. 2016). Although the cement shrinkage was suspected to be the 

main reason for the discontinuities shown in SEM images, no experimental evidence has been 

reported to confirm this assumption. Furthermore, which shrinkage type is mainly responsible for 

the discontinuities in SEM images is still unclear. 

 

Besides, the effect of the sample preparation (e.g., polishing for SEM characterization) on the 

bonding characterization remains unclear. Lavrov et al., (2017) characterized the particle size 

distribution in the ITZ using micro-CT with synchrotron radiation, which significantly increased 

the resolution of the CT image. However, the cement was placed in a glass tube rather than a steel 

casing. This may affect microstructure in the ITZ because casing has different electrical properties 

than glass, and the electric field affects the particle size distribution near the wall (Lavrov et al., 

2018). Moreover, the debonding, which normally occurs at the cement-casing interface (Lavrov., 

2016), may not be captured at the interface between the cement and the glass tube. In short, very 

little is currently known about the microstructure of the cement-casing interface in relation to the 

debonding phenomena.  
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The cement-rock interface is also a major component of the wellbore barrier system. Leakage may 

result from the poor bonding between cement and rock interface. Rock properties at the cement-

rock interface vary greatly as a well is normally drilled through several different formations. 

Therefore, as far as the interface properties are considered, the cement-rock interface seems more 

prone to have leakage than the cement-casing interface. A notable example has been observed in 

a well after 30 years of CO2-flooding operation, where textural studies on the cores revealed that 

the due to the carbonation, the cement-rock interface was degraded much more than the cement-

casing interface and there was a high porosity zone at the cement-rock interface (Carey et al. 2007).  

 

Many previous cement-rock interface studies have been related to the carbon capture and storage 

(CCS) wells, where the main focus was to understand the influence of chemical reaction at the 

cement-rock interface (Carey et al., 2007; Agbasimalo and Radonjic, 2012; Jung et al., 2013; 

Newell and Carey, 2013; Jung et al., 2014; Labus and Wertz, 2017). It was noteworthy to point 

out that the geometry of cement-rock interface of the samples used in these studies had either a 

flat surface or some other irregular shapes but did not have a realistic circular shape.  

 

Researchers from SINTEF have investigated the effect of mud properties (Opedal et al., 2014; 

Opedal et al., 2014), cement defect (Kjøller et al., 2016), interface geometry (Torsæter., 2015) and 

cement stiffness (Lavrov, 2018) on cement-rock interface integrity. In the majority of these studies, 

micro-CT scanning technique was used to non-destructively characterize the cement-rock interface. 

Due to the large sample sizes used in these studies, the resolution of micro-CT was limited to 24-

200 m. Considering the multiscale nature of the cement and pore size of the rock, scanning electron 

microscope was used together with micro-CT as SEM can characterize the cement microstructure 

at nanoscale. However, traditional SEM characterization can cause cement shrinkage and thus 

degrade the quality of characterization results (Kjellsen and Jennings, 1996). 

 

So far, very little attention has been paid to the role of formation rock properties on the cement-

rock interface integrity. One good recent work by Opedal et al., (2014) had a short discussion of 

rock types on cement-rock interface integrity where they qualitatively concluded that the different 



7 

 

rock formations exhibited different interactions with the cement. But they did not offer much 

discussion about what actual mechanisms were behind their conclusion. To answer this question, 

more in-depth quantitative studies are needed. The cement used in their study was neat Portland 

cement which has been commonly employed in previous cement-rock studies such as Agbasimalo 

and Radonjic (2012); Opedal et al., (2014); Labus and Wertz, (2017). However, the neat Portland 

cement without additives is normally not stable and therefore has not been used in real wellbores. 

A cement blend that is used in real wellbores should be considered in the cement-rock interface 

study as it is more relevant to the industrial practice. 

 

Permeability is considered to be an important indicator to evaluate the durability of cement, and it 

is influenced by the microstructure of cement. The microstructures used in previous research are 

normally created by computer programs, and therefore they might not be able to represent the real 

microstructures of cement properly. Micro-computed tomography or "micro-CT" has been widely 

used for cement research due to its non-destructive characteristic. Moreover, it is possibly the only 

way to obtain realistic 3D geometry efficiently. The statistical and morphological analyses using 

micro-CT provides a new view of the cement microstructure because it gives a realistic 3D 

geometry. Stress-induced cracks also affect the permeability of cement. The influence of these 

cracks on the mechanical properties has been well studied. However, only very few recent research 

efforts (Carey et al., 2014; Kabilan et al., 2016) focused on how the stress-induced cracks 

contribute to the cement paste permeability. Because of the multiscale characteristic of cement 

microstructures, it is impossible to capture all the stress-induced cracks by just using micro-CT 

(Gallucci et al., 2007; Kabilan et al., 2016). Therefore, SEM was adopted to characterize the 

features beyond the resolution of the micro-CT.  

 

Some special cement blends and additives are used to mitigate or remediate the leakage pathways. 

However, the effectiveness of these special blends and additives needs more quantitative analysis 

to prove. CT-based numerical simulation provides a way to estimate the cement permeability based 

on its realistic microstructures. The element-based finite volume method was proven to have a 

high efficiency to handle the flow simulations with complex geometry (Marcondes et al., 2013a; 

2013b) and has been widely used in realistic porous media simulations (Song et al., 2017; Wang 
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et al., 2016). It is also worth noting that at the micron scale, the microstructure of cement may still 

behave as a heterogeneous material (Bossa et al., 2015; Viejo et al., 2016). The local permeability 

may change at different positions. In order to obtain the representative permeability value of 

cement, representative volume elements (RVEs) need to be built. The RVE is the smallest volume 

over which a measurement or simulation can be carried out to produce a result that is representative 

of the macroscopic property (Yio et al., 2017). Although the RVE has been commonly used in 

micromechanics to analyze and predict the mechanical behavior of cement (Das et al., 2016; Viejo 

et al., 2016), the application of the RVE to flow study (at micron scale) has not been covered 

before. 

 

To summarize, very little quantitative information is known about the microstructure of the various 

potential leakage pathways along the oil and gas wells. Such data are the key to understand and 

mitigate the leakage pathways. Additionally, the most suitable characterization and analysis 

methods for studying the potential leakage pathways at the micron scale are still unclear. CFD 

modeling of the fluid flow through the potential leakage pathway based on the realistic geometries 

reconstructed from CT images are limited. 

 

1.3 Objectives of the study 

The primary objective of this research is to conduct comprehensive experimental and numerical 

studies of the microstructure of potential leakage pathways in oil and gas wells. As shown in Figure 

1-4, six different wellbore cement scenarios (derived from Figure 1-1) were analyzed. In-depth 

analyses were performed to quantify cement microstructure failure and debonding behavior and to 

determine how these failures affect the fluid movement through the cement microstructures and 

various interfaces encountered in the cemented oil and gas wells.  
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Figure 1-4 Six types of downscaled samples prepared for studying wellbore cement microstructure.  

 

More specifically, this study has the following objectives: 

• Obtain the most suitable method for preparing bulk cement and cement interface samples 

(i.e., cemented casing samples and cemented rock samples). 

• Optimize the microstructure characterization method to minimize the artificial effects such 

as polishing, or storage on microstructure analysis. 

• Suggest the resolution required to characterize the potential leakage pathways. 

• Determine the impact of stress on fluid flow pathways in cement body using micro-CT, 

SEM and other analytical techniques. 

• Investigate the effect of using specific additives on the bulk cement microstuctural 

properties (i.e. porosity and permeability). 

• Characterize microstructure of the cement/casing and the cement/rock interfaces for 

cement bond quality assessment.  
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• Investigate the effect of cement drying shrinkage on the integrity of cement-casing 

interface. 

• Determine the influence of rock type on the integrity of cement-rock interface. 

• Investigate the effect of using specific additives on the integrity of cement-casing, cement-

rock interface.  

• Evaluate the leakage through potential pathways via CT-based CFD fluid flow simulation. 

• Quantify the radial and axial porosity distribution in cement sheath between two casings 

and between rock and casing. 

 

1.4 Contributions of the research 

The main contributions of this research can be summarized as follows: 

• Established a series of methods for preparing the cement samples and interface samples for 

micro scale study.  

• Optimized the CT scan parameters for cement, rock and casing CT scan. The contrast and 

quality of the CT images were improved. 

• Clarified the resolution required to sufficiently characterize the potential leakage pathways 

at micron scale. 

• Developed a digital cement method that can be used to obtain the morphological data of 

cement based on cement CT images. Pore size distribution and porosity can be calculated 

via the digital cement method. 

• Established a 3D simulation model that can represent the multiscale nature of the cement 

microstructure. This 3D simulation model can be utilized for evaluating the cement 

permeability. 

• Quantified the impact of 2D and 3D fractures on permeability in wellbore cement after 

uniaxial compressive loading. 

• Investigated the influence of fiber additive on limiting the fracture propagation in cement. 
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• Established a method for processing the cement-casing and cement-rock samples for 

surface characterization use. 

• Quantified and visualized the gap at cement-casing interface and cement-rock interface 

under high resolution (0.05 μm ESEM, 11.92 μm micro-CT). 

• Evaluated the influence of expansion agent on minimizing the gap at cement-casing 

interface or cement-rock interface. 

• Investigated the impact of cement drying shrinkage on the development of gap at the 

cement-casing and cement-rock interface. 

• Investigated the role of rock type on the integrity of cement-rock interface. Various rock 

types were analyzed. 

All these achievements can be summarized under two categories: 1) A unique methodology for 

studying the microstructure of the cement and related cement interfaces was developed, as they 

are the potential leakage pathways. This unique methodology includes specified sample 

preparation, sample characterization and sample analysis including CT-based numerical 

simulation. 2) Quantified and visualized microstructure of the cement body and related interfaces 

in the wellbore was provided. Not only does this kind of data rarely exist in petroleum literature, 

but also it will facilitate understand and mitigate the potential leakage pathways in petroleum wells. 

 

1.5 Structure of the thesis 

This PhD thesis is composed of the following 10 chapters: Chapter 1 provides a general 

introduction and is intended to offer a brief overview of the investigated subject, followed by the 

statement of the problem, objectives of the study and the contributions of the research.  

 

Chapter 2 starts with a comprehensive review of the available literature focused on the major 

leakage pathways. The literature on microstructure characterization techniques and CT-based CFD 

simulation was also reviewed as they are the main methodology utilized in this work. Studies of 

the impact of various additives on the cemented wellbore integrity were also reviewed. 
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Chapter 3 describes the detailed methodology of this work. Details of the sample preparation, 

characterization were fully explained. The digital cement method and CT-based CFD modeling, 

which were widely used in this study for analyzing and evaluating the cement integrity, were also 

presented in this chapter.  

 

Chapters 4 to 9 conducted a comprehensive study on six wellbore cement scenarios presented in 

Figure 1-4. As shown in below Figure 1-5, these six scenarios correspond to the research topic of 

chapters 7 to 9.  

 

Figure 1-5 Research topics for chapters 7 to 9. 

Chapter 4 proposed a new experimental/numerical approach, which combines CT characterization 

and CFD modeling to investigate the permeability of neat early-age well cement sample. This 

approach provides a quantitative means to estimate the porosity and permeability of representative 

volume elements selected from cement sample. 
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Chapter 5 investigated the effect of stress-induced 2D and 3D fractures on permeability in wellbore 

cement after uniaxial compressive loading. SEM and micro-CT techniques were utilized to 

quantify the 2D and 3D geometrical parameters of cement fractures in mature thermal thixotropic 

cement samples that were subjected to pre- and post-peak compressive stress. A novel simulation 

method was also proposed to quantify the impact of the stress-induced realistic 3D fractures on 

the cement permeability. 

 

Chapter 6 studied the effects of the environmental conditions (i.e., relative humidity of the storage 

and testing conditions), cement drying shrinkage and the expansion agent on the integrity of the 

bonding at the cement-casing interface at micron scale by using ESEM and micro-CT (μ-CT) 

scanning techniques 

 

Chapter 7 explored the effect of formation rock types on the cement-rock integrity, and how to 

improve the cement-rock integrity by applying suitable cement blends. A novel method was also 

proposed allowing to characterize the cement-rock interface at around 0.05 μm resolution with 

minimal cement shrinkage by using the ESEM. Potential leakage pathways in the cement-rock 

samples was also discussed via CT-based flow simulations. 

 

Chapters 8 and 9 focused on the microstructure of the cement sheath between two casings and the 

cement sheath between cement and formation rocks, respectively. Scaled-down casing-cement-

casing samples and rock-cement-casing samples were prepared. Radial and axial porosity 

distributions in cement were calculated based on the CT images. Gaps observed at the cement-

casing or cement-rock interface were analyzed. 

 

Chapter 10 provides key conclusions of this study and recommendations for future research.  
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Chapter 2 Literature Review and Background 

 

This chapter first provides a comprehensive review of available literature related to the major 

leakage pathways, which were investigated in this study. They are leakage through cement matrix 

(including cement fractures), leakage through cement-casing interface and leakage through 

cement-rock interface. The literature on microstructure characterization techniques and CT-based 

CFD simulation was also reviewed as they are the main methodology employed in this work. 

Studies of the impact of various additives on the cemented wellbore integrity were also reviewed. 

 

2.1 Potential leakage pathways through petroleum wells  

As a key component of the wellbore barrier system, cement provides zonal isolation and structural 

support during the entire life of a well. However, even when cement is properly placed in the well, 

zonal isolation may be lost over time. Leakage may occur from the oil and gas wells due to the 

failure of the wellbore barrier system. Viswanathan et al. (2008) summarized the possible causes, 

which could lead to failure of the wellbore barrier system, as shown in Figure 2-1.  

 

 

Figure 2-1 Potential leakage pathways investigated in this study. 

Modified from (Viswanathan et al., 2008a). 



15 

 

According to Figure 2-1, a majority of the leakage pathways are through the cement matrix or the 

cement interfaces (marked in red). A more detailed account of leakage pathways through cement 

is given in the following section. 

 

2.1.1 Leakage through cement matrix 

Permeability is a measure of the ability of a material to allow fluids to flow through it. Permeability 

can be used as an important indicator to assess fluid transport in the cement (Baroghel-Bouny et 

al., 2009; Basheer et al., 2001; Luping and Nilsson, 1992). The permeability of the cement is 

strongly affected by the microstructure (Luping and Nilsson, 1992; Tiab and Donaldson, 2015). A 

considerable number of studies have been conducted to understand the link between the 

permeability and the microstructure of the cement using experimental, analytical, and numerical 

techniques. 

 

One common experimental technique to study the microstructure of the cement is the Mercury 

intrusion porosimetry (MIP) (Alford and Rahman, 1981; Bágel’ and Živica, 1997; Holly et al., 

1993; Liu and Winslow, 1995). The drying process required before conducting MIP can damage 

and alter the pore microstructure (Holly et al., 1993), therefore, the accuracy of mercury intrusion 

porosimetry is limited. High intrusion pressures can also change the pore microstructure of small 

pores (Beaudoin, 1979). Modifications and other techniques have also been used to test the cement 

permeability such as the Helium pycnometric method (Beaudoin, 1979), non-contact impedance 

measurement (Tang et al., 2014), beam bending method (Valenza and Thomas, 2012) and constant 

water flow method (i.e. Darcy tests) (Phung et al., 2013).  

 

Modern wells are subjected to complex external forces during their lifetime, such as thermally 

induced stresses in steam-assisted gravity drainage (SAGD) wells or cyclic stress due to multistage 

fracturing (Fjar et al., 2008). These external loads have the potential to create stress-induced 

fractures and deformations, which may result in interconnected flow paths leading to increased 

permeability and potential gas leakage (Bonett and Pafitis, 1996; Skorpa and Vrålstad, 2018). An 

example of this is the hydraulic fracturing treatment for horizontal wells. Wellbore cementing is a 
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significant process prior to the perforation. Stress-induced fractures would be generated after 

perforation and then fluid leakage would happen. The interactions among created fractures, other 

formation discontinuities and wellbore cement would give rise to the alteration of cement integrity 

and its corresponding permeability (Tang et al., 2019; Zhang et al., 2019). Despite the importance 

of controlling the long-term well integrity, far too little attention has been paid to the nature of 

stress-induced fractures and their contribution to cement permeability. The importance of having 

quantitative information for stress-induced fractures is not just limited to the control of methane 

leakage in production or abandoned wells, but also to the control of CO2 leakage in CCS wells.  

 

Quantitative data of the stress-induced fractures allow a better understanding of the interrelation 

between the fractures and the resultant permeability. Considering the multiscale nature of the 

cement pore structure, the dimensions of stress-induced fractures also range from nanometer to 

millimeter scales (Barnes and Bensted, 2002). Therefore, no one imaging method can capture the 

entirety of the complex fracture geometries expected in wellbore cements. SEM and micro-CT 

techniques have been widely used to observe fractures in cement paste (Attiogbe and Darwin, 1987; 

Panduro et al., 2017; Gallucci et al., 2007; Hlobil et al., 2016; Jung et al., 2013; Kabilan et al., 

2016; Kutchko et al., 2009; Shadravan et al., 2015; Stutzman, 2012; Torsæter et al., 2015b).  

 

2.1.2 Leakage through cement-casing interface 

The question of which type of pathways leaked the most methane is still unclear but a few recent 

research indicated that the failure of the cement interfaces in a well, either cement-casing interface, 

or the cement-formation interface, is the most common reason caused the loss of zonal isolation 

(Baumgarte et al., 1999; Bourgoyne et al., 2000). It also reveals that the cement interfaces seem 

more prone to have leakage than the cement matrix. This section reviewed the studies on the 

cement-casing interface. 

 

In recent years, more attention has been paid to studying the cement-casing interface of the CCS 

wells. A majority of these studies have concentrated on the influence of CO2–cement chemical 

reaction on the integrity of the cement-casing interface (Bachu and Bennion, 2009; Carey et al., 
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2010; Jung et al., 2013). Nonetheless, the leakage does not only occur in CCS wells. Many 

questions, such as the reasons behind the weak bonding among the production or abandonment 

wells still remain unanswered. The cement microstructure has a considerable influence on cement 

transport and mechanical properties (Bentz et al., 1999). Experiment results suggested the cement-

casing bonding quality is probably related to the microstructural changes that occur in the near-

wall zone, also known as the interfacial transition zone (ITZ) (Scrivener et al., 2004), which is 

develops along with the cement interfaces such as cement-casing interface.  

 

Despite of the importance of the microstructure of the near-wall zone, there are only a few studies 

that have investigated the cement-casing interface at the micron scale. Torsæter et al. (2015) 

studied the microstructure of the cement-casing interface by using micro-CT and SEM. They found 

gaps or microannuli at the cement-casing interface. The gaps at the cement-casing interface were 

pointed out as one of the key leakage pathways (Carey et al., 2010). Permeability is considered to 

be an important indicator to evaluate the durability of the wellbore barrier element. Experimental 

studies have shown that the gas permeability of the cemented casing section with gaps could reach 

to 600 mD but the gap dimensions were not mentioned in these studies (Rusch et al., 2004). Bachu  

and Bennion (2009) indicated that the presence of an annular gap and/or cracks in an order of 10–

300 μm in aperture leads to a significant increase in effective permeability in a range of 0.1–1 mD.  

 

Apart from the larger gaps, smaller gaps that do not change short-term permeability may still bring 

long-term risk, which is critical in abandonment applications. Smaller gaps act as the starting 

points for a chemical attack by corrosive fluids or gases, which rises the risk of the gap growing 

into one that impacts wellbore permeability and integrity. This process is likely to be slow but 

considering the timescale of abandonment wells, so the impact of the small gaps on well integrity 

should not be neglected. Torsæter et al. (2015) suggested that the gaps shown in SEM images were 

likely to be caused by the cement shrinkage. The cement shrinkage can be divided into two major 

categories: a chemical shrinkage, which results from autogenous chemical reactions taking place 

in the cement matrix, and a drying shrinkage, which is sensitive to the RH change (Gajewicz et 

al., 2016a). In Torsæters’ research, although the cement shrinkage was suspected to be the main 

reason for the discontinuities shown in SEM images, no experimental evidence has been reported 
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to confirm this assumption. Furthermore, which shrinkage type is mainly responsible for the 

discontinuities in SEM images is still unclear. 

 

In addition, the influence of the sample preparation on the bonding characterization remains 

unclear. Lavrov et al. (2017) investigated the particle size distribution in the ITZ using micro-CT 

with synchrotron radiation, which significantly increased the resolution of the CT image. However, 

the cement was placed in a glass tube rather than a steel casing. This may affect microstructure in 

the ITZ because casing has different electrical properties than glass, and the electric field affects 

the particle size distribution near the wall (Lavrov, 2018). Besides, the debonding, which normally 

occurs at the cement-casing interface (Lavrov et al., 2016), may not be captured at the interface 

between the cement and the glass tube. In short, very little is currently known about the 

microstructure of the cement-casing interface in relation to debonding phenomena (gaps at the 

interface).  

 

2.1.3 Leakage through cement-rock interface 

Compared to the casing properties, rock properties at the cement-rock interface vary greatly as a 

well is normally drilled through several different formations. Therefore, as far as the interface 

properties are considered, the cement-rock interface seems more prone to have leakage than the 

cement-casing interface. A notable example has been observed in a well after 30 years of CO2-

flooding operation, where textural studies on the cores revealed that the cement-rock interface 

degraded much more than the cement-casing interface and there was a high porosity zone at the 

cement-rock interface (Carey et al. 2007).  

 

Many previous cement-rock interface studies have been related to the CCS wells, where the main 

focus was to understand the influence of chemical reaction at the cement-rock interface (Carey et 

al., 2007; Agbasimalo and Radonjic, 2012; Jung et al., 2013; Newell and Carey, 2013; Jung et al., 

2014; Labus and Wertz, 2017). It was noteworthy to point out that the cross-sectional geometry of 

the cement-rock interface of the samples used in these studies had either a flat surface or some 

other irregular shapes but did not have a realistic circular shape.  
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SINTEF did lots of work regarding the effect of drilling fluid properties (Opedal et al., 2014), 

cement defect (Kjøller et al., 2016), interface geometry (Torsæter et al., 2015) and cement stiffness 

(Lavrov, 2018) on cement-rock interface integrity. In the majority of these studies, micro-CT 

scanning technique was used to non-destructively characterize the cement-rock interface. Due to 

the large sample sizes used in these studies, the resolution of micro-CT was limited to 24-200 μm. 

Considering the multiscale nature of the cement and pore size of the rock, scanning electron 

microscope was used together with micro-CT as SEM can characterize the cement microstructure 

at the nanoscale. However, traditional SEM characterization can cause cement shrinkage and thus 

degrade the quality of characterization results. 

 

So far, very little attention has been paid to the role of formation rock properties on the cement-

rock interface integrity. One very good recent work by Opedal et al., (2014) had a short discussion 

of rock types on the cement-rock interface integrity where they qualitatively concluded that the 

different rock formations exhibited different interactions with the cement. But they did not offer 

much discussion about what actual mechanisms were behind their conclusions. To answer this 

question, more in-depth quantitative studies are needed. The cement used in their study was neat 

Portland cement, which has been commonly employed in previous cement-rock studies such as 

Agbasimalo and Radonjic, (2012); Opedal et al., (2014); Labus and Wertz, (2017). However, the 

neat Portland cement without additives is normally not stable and therefore has not been used in 

real wellbores. Cement blends that have been applied in real wellbores should be considered in the 

cement-rock interface study as it is more relevant to the industrial practice. 

 

2.2 Microstructure characterization techniques for cement, rock and interfaces 

Micro-CT scanner and SEM are two common tools for materials microstructure characterization. 

There is a considerable amount of literature involved in using these two techniques. In the 

following sections, a detailed review of the applications of these two techniques on the wellbore 

cement microstructure characterization was presented. 
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2.2.1 Micro-computed tomography (μ-CT) 

Micro computed tomography or "micro-CT" has been widely used for cement research due to its 

non-destructive characteristic. Moreover, it is possibly the only way to obtain 3D material internal 

structure information efficiently. The micro-CT was initially used as a standalone characterization 

tool to investigate the internal structure of the cement such as the cement particle shapes (Bentz, 

2006; Garboczi and Bullard, 2004; Helfen et al., 2005) and the pore network (Bossa et al., 2015; 

Gallucci et al., 2007; Promentilla et al., 2009). The statistical and morphological analyses using 

the computed tomography provides a new view of the cement microstructure because it gives a 

realistic 3D geometry.  

 

Kjøller et al. (2016) looked into the self-healing procedure of a composite cement-rock specimen 

subjected to a water-alternating-gas (WAG) flooding scheme by using the computed tomography 

combined with the electron microscopy. Comparison of SEM and EDX (energy dispersive X-ray 

spectroscopy) data before/after flooding shows that, with an increasing number of WAG cycles, 

the porosity of the cement plug decreased. Kjøller et al., (2016) also proposed an integrated method 

to evaluate the permeability of cement-caprock systems by combining the computed tomography 

with finite element modeling. The imperfect bonding and defect zones in the cement was 

characterized and meshed successfully; thus, the FEM simulation can be performed to quantify the 

leakage through defect cement. 

 

De Andrade et al. (2014) investigated the influence of casing centralization on cement sheath 

integrity during thermal cycling by CT scanning and found that the thermal cycling caused 

considerable enlargement of cracks and voids initially present in the cement sheath, and this 

enlargement was significantly more severe when the casing was not centralized. Then, based on 

previous research, De Andrade et al. (2015) improved the experimental equipment and took the 

pressure into further consideration. Based on the 3D models reconstructed from the CT images, he 

indicated that bonding between cement-to-casing and cement-to-rock have especially been 

enhanced by the hydrostatic pressure. Skorpa and Vrålstad, (2018) imported microannuli of 

degraded cement sheaths, captured by the micro-CT, into a CFD software that calculates and 

visualizes the pressure-driven fluid flow, and results show a non-linear relationship between the 
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mass flow and the pressure drop, indicating that Darcy’s law might not be sufficient to describe 

the effective permeability of the degraded cement sheath.  

 

Torsæter et al. (2015) investigated the effect of different geometry (concave vs. convex) of the 

interface on the development and structure of the ITZ, and on fracture development in it. SEM and 

CT scan were conducted to visualize the impact of the ITZ on well cement integrity. It was found 

that fracturing and debonding of cement in the ITZ can occur and that the exact failure mode 

depends on the curvature of the interface. Opedal et al. (2014) characterized the cement-formation 

interfaces of specimens with various rock formation types and drilling fluid types by using micro-

CT. The result pointed out that both rock type and mud type affect the development of porosity at 

the cement-formation interface, but no conclusive trends could be drawn on the actual processes 

giving rise to the porosity variations. 

 

2.2.2 Traditional and environmental scanning electron microscopy (SEM/ESEM) 

The resolution of the CT scan is significantly influenced by the sample size. Because of the 

multiscale characteristics of the cement microstructure, some small pores and fractures can not be 

captured by the micro-CT since their size is beyond the resolution of micro-CT. Although small 

gaps may have a limited impact on the short-term permeability, they may function as the starting 

point of chemical attack and thus jeopardize the long-term wellbore integrity. In order to capture 

these small gaps and have a closer look at the cement-casing interface, a higher resolution 

characterization tool is thus needed.  

 

The SEM technique has been used for analyzing 2D fractures in the cement paste by Attiogbe and 

Darwin (1987), Ammouche et al., (2000), Wong et al., (2012) and other researchers. The 

geometrical fracture parameters (i.e., length, width, and shape factor) are usually measured at a 

certain magnification. However, the results of the fracture measurements can significantly vary 

depending on the magnification used during the observations, mainly because of the heterogeneous 

and multiscale characteristics of the cement paste microstructure.  
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Previous research (Bisschop and van Mier, 2002; Neubauer et al., 1997) has indicated that the 

traditional SEM coating and characterization can cause cement drying shrinkage because both 

processes take place in a high vacuum chamber whose RH is pretty low. To minimize the cement 

drying shrinkage, an ESEM would probably be a more appropriate technique to use as the ESEM 

is able to image the hydrated cement interface samples at the controlled RH conditions (Kjellsen 

and Jennings, 1996; Neubauer et al., 1997).  

 

2.3 CT-based CFD simulation to evaluate potential leakage pathway 

2.3.1 Digital cement method 

Since the digital cement was a relatively new methodology, and there is only a small number of 

published research work using the digital cement technique. Yang et al. (2019) called the 3D 

models reconstructed from cement CT images as digital cement models. They proposed that 

“digital” not only means that the cement microstructure can be presented and analyzed numerically 

using a computer but also suggested that the porous media parameters like pore volume, surface 

area, porosity, permeability, etc. can be easily calculated from the digital cement models. 

 

Yang et al. (2020) quantified the impact of 2D and 3D fractures on permeability in wellbore cement 

after uniaxial compressive loading using the digital cement method. By using the digital cement 

method, geometrical parameters such as fracture length, fracture width, and shape factor of 3D 

fractures in a cement matrix were quantified.  

 

Vrålstad and Skorpa, (2020) developed an experimental methodology that uses X-ray computed 

tomography to obtain 3D visualizations of cracks and microannuli in annular cement sheaths. They 

have demonstrated the value of using such digital cement methods to study well cement and also 

shown that the digital cement method provided an improved understanding of cement sheath 

integrity. For example, it was seen that radial cracks did not form in symmetrical patterns and that 

microannuli did not have uniform geometries. Such experimental findings can potentially be used 

as a benchmark to validate and improve cement integrity simulation tools. 
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2.3.2 Permeability estimation using CT-based simulation 

The determination of the cement permeability through experiments is time-consuming and not 

cost-effective (Faiz, 2014). For analytical methods, the governing equation that controls the fluid 

flow is non-linear and difficult to solve. Assumptions and simplification can be applied to make 

analytical problems easier to solve, even though the simplification introduces errors. In most cases, 

however, even the simplified equations cannot be solved analytically (Ferziger and Perić, 2002). 

To overcome these challenges, there is a need to develop a new method to make the prediction of 

cement permeability easier and more efficient. Once the power of computers had been recognized, 

interest in numerical approaches increased dramatically.  

 

Only a few recent research efforts combined numerical approach with the CT-based 3D geometry. 

Kjøller et al. (2016) evaluated the permeability of defect cement zones by combining micro-CT 

imaging and numerical modeling. Kabilan et al. (2016) combined micro-CT imaging with CFD 

modeling to study the effect of geochemical and geomechanical processes on fracture permeability 

in composite Portland cement-basalt caprock core samples. The geometry used in both research is 

cement with defect zones or fractures. Apparently, the flow in such a geometry is dominated by 

the defect zones rather than the capillary pores. Moreover, due to the large dimensions of the 

cement sample they prepared, the precision of the CT scan was limited to 10-25 μm. However, the 

bulk of the capillary pores cannot be characterized at this resolution. No information is available 

on the fluid flow in the neat cement samples considering the realistic 3D geometry without defect 

zones or stress-induced fractures. Higher precision of the CT scan, which can capture more details 

of the capillary pores is also needed.  

 

The element-based finite volume method was proven to have high efficiency to handle the flow 

simulations with complex geometry (Marcondes et al., 2013a, 2013b) and has been widely used in 

realistic porous media simulations (Dixit and Ghosh, 2018; Song et al., 2017; Wang and Dai, 2017). 

It is also worth noting that at the micron scale, the microstructure of  the cement may still behave 

as heterogeneous material (Bossa et al., 2015; Viejo et al., 2016). The local permeability may 
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change at different positions. In order to obtain the representative permeability value of the cement, 

representative volume elements (RVEs) need to be built. The RVE is the smallest volume over 

which a measurement or simulation can be carried out to produce a result that is representative of 

the macroscopic property (Yio et al., 2017). Although a RVE has been commonly used in 

micromechanics to analyze and predict the mechanical behavior of the cement (Das et al., 2016; 

Viejo et al., 2016), its  application to flow study (at this scale) has not been covered before. 

 

2.4 Impact of additives on cement integrity 

Bonett and Pafitis (1996) explained the multi-mechanisms for gas migration and also pointed out 

that compared to other treatments, which normally have some limitations, special blends and 

additives showed effective in resisting gas migration. Iremonger et al. (2015) identified a fiber 

additive that can improve the cement tensile strength under SAGD conditions. Cheung and Myrick 

(1983) summarized 84 cement jobs performed in Texas, Oklahoma, New Mexico and Louisiana. 

Their results showed that the "impermeable cement" system has been extremely successful in 

controlling gas flow problems.  

 

Murtaza et al. (2013) tested the performance of certain class G cement formulations and reported 

that  with the use of silica flour, the porosity and permeability of the cement are decreased. Coker 

et al. (1992) demonstrated that the lightweight lead cements plays an important role in preventing 

shallow gas migration in offshore wells. The high fineness amorphous silica was used as a key 

ingredient in the cement design. Zeng et al. (2012) developed the salt-tolerant latex L additive, 

which exhibited good anti-migration performance. Cowan and Eoff (1993) discussed the use of 

surface-active agents (surfactants) to modify the properties of Portland cements for well cementing 

operations. They concluded that the surfactants can improve the interfacial bonding between 

cement and casing. Abbas et al. (2013) reported that hydroxypropylmethylcellulose (HPMC) 

polymer could be effectively used as a gas migration preventer at high temperature in field 

applications. 
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Chapter 3 Experimental Programs 

 

3.1 Cement sample preparation 

3.1.1 Hardened cement paste 

The materials and procedures used for mixing, molding and curing for preparation of hardened 

cement paste samples are explained in the following sections. 

3.1.1.1 Cement material  

Various cement blends have been used in this study. Two examples are shown in Figure 3-1. Neat 

Class G cement is widely used throughout the entire work to expedite the repeatability and the 

validation of the experimental results and to serve as a baseline for performance. Special cement 

blends such as the one used in thermal wells (i.e., thermal cement blends) and in abandonment 

operations (i.e., abandonment blends) were also investigated.  

 

     

                                             (a) Class G cement                                       (b) Thermal cement 

Figure 3-1 Neat Class G blend and thermal blend. 
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3.1.1.2 Cement mixing procedure  

Mixing is the first step for cement sample preparation. Tap water was used at a water-cement (w/c) 

ratio of 0.45. According to the API 10A (American Petroleum Institute, 2002), the mixer should 

be turned on and maintained at 4000 rpm while the cement sample is added at a uniform rate in no 

more than 15 seconds. After all of the cement was added to the mix water, we put a lid on the 

mixing container and continued mixing using 12000 rpm for 35 seconds, followed by 30 minutes 

mixing at 150 rpm. 

 

A combination of two mixers was used for cement mixing. At the beginning, a handheld high rpm 

mixer (shown in Figure 3-2a), which can work at 12000 rpm was used after all of the cement has 

been added to the water. Then, a low rpm mixer (shown in Figure 3-2b) was adjusted to 150 rpm 

to mix the slurry for 30 minutes. 

 

      

                               (a) handheld high rpm mixer                                                (b) low rpm mixer 

Figure 3-2 Two mixers used for cement mixing. 

 

The mixing speed and the time should be strictly controlled to minimize the intrusion of air, 

especially for the high rpm mixing.  
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3.1.1.3 Preparation of cement mold and cement curing procedure 

The mixed cement slurry was then injected into the cement molds. High-temperature PTFE (Teflon) 

pipe was selected to make the molds. Reasons for selection of PTFE material are given below: 

• Compared to metal materials, PTFE pipe has a lower density and thus makes it easy for X-

ray to penetrate. Besides, metal materials normally have a higher density than cement. Most 

of the microstructure data will be lost if we use a metal mold. Moreover, because of the 

bonding between metal and cement, it is difficult to take the cement out of the metal molds. 

The PTFE pipe has a lower density than the cement. In addition, some specially made 

PTFE pipes have a super-smooth interior surface. Using this specially made PTFE pipe, 

the molds can be easily separated from the cement. 

• After finishing the molding process, the cement samples together with the molds were 

inserted into a pressure cell and then cured under elevated pressure and temperature. The 

curing pressure and temperature were about 1500 psi and 50 °C, respectively. The curing 

condition required that the molds should be able to withstand such pressure and 

temperature. The high-temperature PTFE pipe has a temperature range of -450 °F (-267 °C) 

to 550 °F (287 °C) and can withstand a pressure of 3500 psi. 

 

Apart from the PTFE pipe, Teflon film, which has a slippery surface that prevents sticking and 

allows objects to slide across it easily, was used to seal the mold. Depending on the size of the 

mold, no-hap curved-head cable ties, and some plastic containers were also used to seal the mold. 
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Figure 3-3 High-temperature PTFE (Teflon) pipe, Teflon film, no-gap cable ties. 

  

Two different size molds were used. Reasons for selecting these two size molds are listed below: 

• All cement samples are placed into the micro-CT scanner to determine the 3D cement 

microstructure. The mold is placed into the CT scanner together with the cement samples 

in place. However, every micro-CT scanner has its limitation with the object size. This 

restriction called maximum object size. For the micro-CT scanner used in this research 

(SkyScan 1172, see more details in Section 3.2.1), the maximum object size was 27 mm in 

diameter. In this way, so the diameter of the mold could not exceed 27 mm. 

• If the cement contains some large particles, such as fibers, according to ASTM C 31, the 

sample size must be three times bigger than that of the maximum aggregate size. If we call 

the fibers aggregate and use the 3mm fiber, then the minimum sample size is 9 mm. For a 

better result, five times is more preferred so that the minimum sample size will be 15mm. 

Thus, from the above reason, the diameter of the mold should be between 15 mm and 27 

mm. 

• The mold size should be as small as possible if there are no fibers in the cement. This is 

because the precision of the CT scan is limited to the sample size. The smaller sample will 

get images with higher accuracy. 
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According to the standard pipe information chart, 3/4 in and 1/8 in size pipes were used to make 

the molds. By using the cutting machine, 3/4 in size pipe was cut into small pieces of 20 mm length, 

and 1/8 in size pipe was cut into small pieces of 5 mm length. The two different size molds are 

shown in Figure 3-4. 

 

     

Figure 3-4 1/8 inch pipe size mold and 3/4 inch pipe size mold. 

 

The first step of molding is to seal the one end of the mold. For 3/4 inch pipe size mold, the bottom 

of the mold was wrapped with a piece of plastic film and then placed into the bigger plastic 

container. The reason for using the bigger plastic container is to obtain a smooth top surface of the 

cement samples. The cement will shrink during the curing process, and this makes the top surface 

uneven. If using the bigger plastic container, it is recommended to pour a little bit more slurry than 

the pipe mold can hold.  

 

Then, the cement slurry is injected into the mold. Depending on the mold size, different tools can 

be used for injecting the slurry such as syringe, injector or even pastry bag with nozzles. The 

cement slurry should be well mixed again by hand before injecting them into the mold. Also, it is 

better to shake the syringe or injector before the injection. Before sealing the other end of the 

molds, a small tamping rod was used to tamp the slurry to remove the bubbles inside the slurry as 

18.84 mm

26.67 mm

5.46 mm

10.29 mm

3/4 Pipe Size1/8 Pipe Size

Height: 5 mm Height: 20 mm
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much as possible. The last step of the molding is to use the cable tie to seal the other end of the 

mold. 

 

In order to accelerate the cement curing, in this study, most of the samples were cured the cement 

samples at 50 °C and 1500 psi. The apparatus used for curing is shown in Figure 3-5.  

 

 

Figure 3-5 Equipment used for curing cement samples. 

 

A steel pressure cell (Figure 3-6) placed in an oven was used to hold the cement samples. A water 

pump was connected to this pressure cell to provide constant pressure. Pressure can be set at the 

water pump, and the temperature was controlled by the oven.  

 

To keep the cement samples in stable position, the pressure cell was placed vertically, and all the 

cement samples were also placed vertically. The layout of the cement samples in the pressure cell 
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is shown in schematic drawing (Figure 3-6). The maximum number of 3/4 inch pipe size samples 

was three, and the rest of the space was used by placing 4 samples of 1/8 inch diameter. 

           

Figure 3-6 Positions of the pressure cell inside the oven and cement samples inside the pressure cell. 

 

The following procedure was used for curing the cement samples: i-) Open the both top valve and 

middle valve of the pressure cell; ii-) Start injecting water into the pressure cell through the middle 

valve at a low pump pressure; iii-) When the water leaks from the top valve (which means no air 

in the cell), close the top valve and gradually increase the pump pressure to 1500 psi; iv-) Keep 

the cell pressure at 1500 psi and record the pressure change every 24 hours; v-) Turn on the oven 

and initially set the temperature at 50 °C; vi-) Attach a thermometer inside the pressure cell to 

check the temperature and make sure the temperature inside the oven is set to 50 °C; and vii-) 

Gradually increase the temperature if it is lower than 50 °C.  

 

The duration of the cement curing is seven days. There was no water added during the curing 

process, and the cement cured only with the initial water content. Cement samples should be well 

sealed and stored after they are taken out of the oven. The cement samples can be wrapped by a 

plastic film or stored in a sealed plastic bag (Figure 3-7) to prevent the water loss of cement and 

isolate the cement samples from the contacting with air. 
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Figure 3-7 Samples stored in sealed plastic bags. 

 

3.1.2 Cement-casing interface samples 

The preparation of cement interface samples is very similar to the hardened cement samples. The 

key in the preparation of cement interface samples is to collect suitable casing or rock materials 

and process them into suitable dimensions. 

 

When selecting the appropriate metal tubes to simulate the casing, the surface roughness of 

selected material should be similar to one of the commonly used casings, such as J55, K55 and 

N80, suggested by the API Casing Steel Grades. In this study, the 304 stainless steel pipe (9 mm 

OD, 8.6 mm ID) was used as the casing material. The 304 stainless steel is used as raw material to 

make casing and tubing according to the dimensions required by API 5 CT. Because of the 

dimensions of the casings employed in this study had to be small enough so that they can be 

scanned by the micro-CT, the actual field grade casings (e.g. N-80, P110, etc.) therefore were 

didn’t used. Once obtaining the suitable material, the next step is to process them into suitable 

dimensions. Since the prepared cement-casing samples will be scanned at a high resolution, only 

a few millimeters of the pipe was need. To avoid the damage and deformation of the 304 pipe, it 

is better to cut them using wire cut technique. As shown in Figure 3-8, the 304 pipe was cut into 

short sections of 4 mm length. 
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Figure 3-8 Short sections of the 304 stainless steel pipe. 

 

The procedure for preparation of cement slurry has been explained in Section 3.1.1. The cement 

slurry was injected into the casing and then sealed using no-gap cable ties and Teflon film as shown 

in Figure 3-9. After curing, the cement-casing samples should have a flat bottom surface. The top 

surface will shrink a little bit and, therefore, will not be even.  

 

    

Figure 3-9 Cement-casing sample after curing and after removing the sealing materials. 
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The samples shown in Figure 3-9 can be directly scanned by micro-CT. However, its surface is 

not smooth enough for SEM scan. Therefore, the individual cement-casing samples were further 

polished and processed into thin composite sections. Figure 3-10 summarizes the entire process. 

The individual cement-casing samples were placed in a container. Epoxy was injected into the 

container after vacuuming the container. Once the epoxy is solidified, remove the container and 

polish the thin composite section to a shorter thickness. Figure 3-9e shows the processed composite. 

 

 

Figure 3-10 Schematic diagram of the preparation of cement-casing interface samples. 

3.1.3 Cement-rock interface samples 

The preparation of cement-rock interface samples follows a similar process to prepare cement-

casing samples. The rocks were collected from the AER Core Research Center in Calgary. Partial 

sections were cut from the rock cores (Figure 3-11). 

 

  

                     (a)                                                                                       (b) 

Figure 3-11 Formation rock cores and partial sections. 
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Rock samples from six different Alberta formations were collected. The lithology of the collected 

rock samples was further confirmed by photomicrographs. Core analysis results such as porosity 

and permeability of the rock cores are also available from AccuMap software. Table 3-1 

summarized the details of the collected rocks. 

 

Table 3-1 Details of the collected rocks. 

Rock Well ID Lithology Depth /m Porosity /% Permeability /mD 

PEKISKO 02/16-03-044-10W5/0 limestone 2868.41 - 2868.45 0.9 0.01 

BANFF 02/16-03-044-10W5/0 dolostone 2951.14 - 2951.32 7.2 1.73 

NOTIKEWIN 00/02-22-063-06W6/0 siltstone 2596.43 - 2596.62 4.0 0.07 

DOIG 00/05-25-063-04W6/0 sandstone 2882.31 - 2882.49 1.1 - 

MONTNEY 00/04-04-062-03W6/0 siltstone 3277.18 - 3277.34 4.2 0.01 

WILRICH  00/08-07-062-03W6/0 siltstone 2874.35 - 2874.51 3.5 - 

 

The partial rock sections shown in Figure 3-11b were further processed into hollow rock cylinders 

by using a drill press and a polishing machine (Figure 3-12). The processed hollow rock cylinders 

have an outside diameter of 21 mm, an inside diameter (hole size) of 9 mm. To save the usage of 

rock samples, the hollow rock cylinders were cut into halves. Therefore, the height of the hollow 

rock cylinders is about 10 mm. Examples of the prepared hollow rock cores are shown in Figure 

3-13. 

   

Figure 3-12 Drill press and a polishing machine used for rock sample preparation. 
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Figure 3-13 Examples of the hollow rock core samples. 

 

To prepare the cement-rock interface samples, cement slurry was injected into the hollow rock 

cylinders. The sealing method of the cement-rock samples is different from the one used in cement-

casing sample preparation. Instead of using Teflon film, the electrical tape was used to seal both 

the top and bottom surface of the cement-rock samples (Figure 3-14). After curing, the cement-

rock samples should be stored in a small plastic bag to prevent water loss. 

 

  

Figure 3-14 Prepared cement-rock samples. 
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Samples shown in Figure 3-14 can be directly scanned by micro-CT after curing. However, for 

SEM characterization, the cement-rock samples need to be further processed. This process is very 

similar to the one shown in Figure 3-10. The main difference is that, as shown in Figure 3-15, the 

cement-rock sample is much bigger than the cement-casing samples and therefore there is only 

one cement-rock sample in the thin section. 

 

 

Figure 3-15 Schematic diagram of the preparation of cement-rock interface samples. 

 

3.2 Microstructure characterization techniques for cement, rock and interfaces 

Micro-CT and SEM were the two main techniques used for the cement microstructure 

characterization. Details of the implementation of these two techniques are described in the 

following sections. 

 

3.2.1 Micro-CT scanner measurements 

A SkyScan 1172 desktop X-ray micro-CT (shown in Figure 3-16) available at the Earth and 

Atmospheric Science Department, University of Alberta was used for the microstructure 

characterization throughout this work. Depending on the sample size, the resolution (pixel size) is 

isotropic and continuously varied from 0.9 µm to 35.0 µm. For a single run, X-ray shadow 

projection images were generated and then digitized into TIF images and stored in the computer. 

The cross-section images can be reconstructed from the projection images by using NRecon 

software (v1.7.4.2). Since the cross-section images are commonly used as the input for CT data 

processing software, therefore the term CT images refer to the cross-section images.  
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Figure 3-16 SkyScan 1172 desktop X-ray micro-CT scanner. 

 

Cement, casing pipes, and rocks are treated as high-density materials (Bruker, 2008). In order to 

obtain high contrast images, high energy X-rays are thus needed. The adjustment of energy or 

voltage of the X-rays can be achieved by changing scan filters. The SkyScan 1172 offers three 

filter options: no filter, aluminum filter and copper plus aluminum filter. No filter option is rarely 

used in this study. The aluminum filter can be selected to scan light weight cement or bulk cement 

in smaller dimensions. For large cement samples and cemented casing or rock samples, copper 

plus aluminum filter should be selected for the CT scan. Flat field correction and alignment tests 

should be performed before the CT scan as these two operations would make sure that the CT 

images have high contrast and with less noise.  

 

Long CT duration decreases the quality of cement CT images. Averaging frames and rotation 

degrees are the two main factors controlling the CT duration. Averaging frames allows 

improvement of the image quality by averaging the several images in every angular position. 

Increasing the number of frames will increase the quality but also makes the acquisition longer 

(Skyscan NV, 2011). Using 360 degrees rotation can reduce symmetrical artifacts from dense 
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objects across the surrounded low absorption material. This will also almost double the scanning 

time. Figure 3-17 shows the difference between two CT images using different rotation degrees. 

The grain boundaries tend to be less clear from inside to the outside of the image obtained by using 

360 rotation degrees. Images obtained by using 180 rotation degrees have relatively clear grain 

boundaries. 

   

                                     (a) 180 degrees                                                                      (b) 360 degrees    

Figure 3-17 CT Images of cement sample scanned by using 180 and 360 degrees of rotation. 

 

A few reconstruction parameters have to be adjusted manually in a trial-and-error fashion to correct 

the beam hardening, ring artifacts, and provide alignment optimization (Skyscan NV, 2011). It 

requires quite some efforts to save the preview images, view them and then make a decision. A 

raw CT image without any correction is compared with the corrected image, as shown in Figure 

3-18. After many different scan attempts, the optimum values for the scan and reconstruction 

parameters were found as shown in Table 3-2. 
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                                          (a) Raw image                                                           (b) Corrected image 

Figure 3-18 Raw and corrected cross-section images of the cement microstructure. 

 

Table 3-2 Optimized scan and reconstruction parameters for CT characterization. 

Scan parameters Value Reconstruction parameters Value 

source voltage (kV) and current (uA) 100, 100 smoothing  0 

scan filter Al + Cu ring artifact correction (%) 45 

rotation step (degree) 0.3 beam hardening correction (%) 60 

resolution (μm) 2.64 cross-section image depth (bits) 8 

frame averaging 2 cross-section image height (pixels) 4000 

random movement 1 cross-section image width (pixels) 4000 

use 360 rotation No cross-section image format BMP 

 

Special attention should be paid when scanning cement interface samples. More specifically, for 

cement-casing samples, scanning the samples vertically can reduce the effect of beam hardening 

artifacts. For cement-rock samples, during the reconstruction process, the contrast of the cross 

section CT images should be improved as much as possible. This is because the CT images are 

generated based on the object density profile. If the density difference between cement and rock is 



41 

 

small, then the contrast of the CT image will be pretty low, which makes it harder to differentiate 

the cement-rock interface. 

 

3.2.2 SEM/ESEM measurements 

Zeiss Sigma Field Emission SEM (shown in Figure 3-19) is available at the Earth and Atmospheric 

Science Department, University of Alberta. It can reach a resolution about 10 nm. This SEM is 

equipped with a secondary and backscattered electron detectors, and in-lens electron detector. 

Cement is a non-conductive material so the cement sample should be coated by carbon to make 

them conductive.  

 

 

Figure 3-19 Zeiss Sigma Field Emission SEM. 

Modified from (SEM Lab, 2020) 

 

The resolution of micro-CT scan is limited by the sample size and the SEM can overcome this 

limitation. Figure 3-20 shows the detectable range of human’s naked eye, micro-CT and SEM. 

Although the resolution offered by the CT scan is capable to capture the microstructural details, it 

is still of interesting to have a closer look at the features below 1 µm and, therefore, SEM was 

selected. 
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Figure 3-20 Characterization range of naked eye, micro-CT and SEM. 

 

The SEM normally operates under high vacuum; however, most of the samples were prepared in 

this study need to maintain high relative humidity to prevent water loss. The high vacuum 

condition can significantly change the microstructure. Environmental SEM is able to characterize 

the samples under humid conditions. Zeiss EVO LS15 EP-SEM (as shown in Figure 3-21) located 

at the Earth and Atmospheric Science Department, University of Alberta is an environmental SEM.  

 

 

Figure 3-21 Zeiss EVO LS15 EP-SEM (ESEM). 

Modified from (SEM Lab, 2020) 
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The relative humidity can be adjusted by changing the pressure and temperature in the chamber. 

As shown in Figure 3-22, a lower temperature requires a narrower pressure range to achieve full 

relative humidity range (0%-100%). Therefore, when performing the ESEM scan, the temperature 

of the chamber is set at 10 °C. The target relative humidity can be achieved by changing the 

chamber pressure. High relative humidity will degrade the quality of the ESEM images because 

of the skirting effect. To obtain high-quality ESEM images, the maximum relative humidity should 

not exceed 95%. 

 

 

Figure 3-22 Relative humidity isobar chart (modified from Messier and Vitale, 1993). 

 

3.3 Digital cement method 

The CT images and SEM images were the main sources used for both qualitative and quantitative 

analyses. This section describes the method employed for the analysis work. Since all analyses 

were based on the cement digital images, this method was named as a digital cement method. 
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Figure 3-23 presents the flowchart of the digital cement method. The characterization techniques 

illustrated in Section 3.2 is the first step of the digital cement method. The raw CT or SEM images 

need to be further processed before they can be analyzed. After processing, the CT images can be 

immediately analyzed. Some 2D properties such as 2D length and width can be directly calculated. 

However, for 2D porosity calculation, threshold segmentation is needed to obtain the 2D binary 

images used for porosity calculation. 

 

 

Figure 3-23 Flowchart of the digital cement method. 

 

The 2D binary images are also the input for 3D reconstruction, which converts the 2D images into 

the 3D models, also called as digital cement models. The 3D analysis is performed based on the 

digital cement models. The digital cement model can also be used as the physical model for 

numerical simulation, which will be introduced in the next section. 

3.3.1 Digital image processing 

Several stepwise procedures need to be followed before analyzing the CT or SEM images. These 

procedures include (but not limited to) convert image format, crop image, and enhance image 

brightness and contrast. Simpleware, a commercial 3D data visualization and process software, 

was used to perform the image processing operations. 
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3.3.1.1 Convert image format 

Digital images are stored in the computer in different format such as BMP, PNG, PDF or JPG, but 

not all of them are favorable for digital image analysis. This is because some image formats use 

data compression algorithm, which will save the storage space but may significantly decrease the 

image quality. BMP is normally used as an image format without data compression. Therefore, for 

both CT and SEM images, it is better to store them in BMP format. 

 

Another important aspect of the image file is the image bit depth. Although the images are in BMP 

format, their bit depth might be different. The image bit depth determines how many colors that 

the image is able to store. Below Table 3-3 lists the common image bit depth and the total colors 

available.  

 

Table 3-3 Number of colors available under different image bit depths 

Image bit depth Number of colors available 

1 2 

2 4 

4 16 

8 256 

16 65536 

 

In this work, CT and SEM images are stored in the computer as 8-bit bmp files, which contain 256 

grayscale colors (see Figure 3-24). Changes in the gray value of images reflect the internal density 

changes of the objects. White color means the highest gray value and the object density, and 

indicates the cement matrix, while the black color means the lowest gray value and the object 

density and reveals the pore structure of the cement sample. The gray color is in between the white 

and the black. Because most pixels of the CT images are gray, the threshold segmentation is used 

to select an appropriate gray value and convert the CT images into binary images with only the 

black and the white colors. 
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Figure 3-24 Grayscale color chart. 

 

Apart from the 8-bit images, 1-bit images which are also known as binary images were frequently 

used throughout this work. The purpose of the threshold segmentation described in following 

section is actually to convert the 8-bit images into the 1-bit images. 

3.3.1.2 Crop image 

The principle for 2D porosity calculation is simply divided the pore area by the total image area. 

However, the region of interest might be the partial image. Therefore the crop process is needed. 

One example is shown in below Figure 3-25. In order to calculate the 2D porosity of the cement 

matrix, the background information (i.e., scales, background image) and the large cement fractures 

should be excluded. Partial image in white box was cropped and the 2D porosity should be 

performed on the cropped image. 
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Figure 3-25 Original and cropped CT images of a fractured cement sample. 

 

3.3.1.3 Enhance the image brightness and contrast 

The image brightness and contrast mainly depends on the material density and scan energy. For 

CT images, the image brightness and contrast can be adjusted while generating the cross-section 

CT images by the NRecon software (v1.7.4.2). For SEM images, the image brightness and contrast 

were configured during the scan. 

 

Further adjustment on the image brightness and contrast can be achieved by various image 

processing software. Figure 3-26 shows a comparison of an original ESEM image with an 

enhanced ESEM image.  
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Figure 3-26 Original and enhanced ESEM images of a cement-rock sample. 

 

3.3.2 Threshold segmentation and 2D porosity calculation 

Gaussian deconvolution is an effective threshold segmentation method (Bossa et al., 2015; 

Němeček et al., 2011) and was employed in this work. Histogram of CT images is used to perform 

the Gaussian deconvolution. Histogram is a graph showing the number of pixels in a 2D or 3D 

object at each different intensity value found in that object. Since our CT images were 8 bit bmp 

files, the total possible intensity was also 256. In this case, the histogram graphically displayed 

256 numbers showing the distribution of pixels amongst those grayscale values.  

 

Based on the deconvolution theory (Bossa et al., 2015; Němeček et al., 2011; Sammartino et al., 

2002; Vandamme and Ulm, 2009), cement image histogram can be deconvoluted by three Gauss 

curves, Gauss 1, Gauss 2 and Gauss 3 as shown in Figure 3-27. At a certain grayscale, the 

corresponding total number of voxel of three gauss curves is equal to the corresponding number 

of voxel of histogram and this can be written as shown in Eq. (3-1) 

𝑓ℎ𝑖𝑠𝑡𝑜𝑔𝑟𝑎𝑚 = 𝑓𝐺𝑎𝑢𝑠𝑠 1 + 𝑓𝐺𝑎𝑢𝑠𝑠 2 + 𝑓𝐺𝑎𝑢𝑠𝑠 3                                    (3-1) 

 

Mineral identification by XRD and their respective calculated linear attenuation coefficient 

indicated that each of the gauss curves was attributed to one or multiple phases (pores and solid 

phases) of cement (Bossa et al., 2015). The threshold value defining the frontier between the pores 
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and the cement material is set at the intersection between the Gauss curve associated to void and 

the Gauss curve associated to hydrated mineral C–S–H and portlandite. From Figure 3-27, the 

grayscale value of the green point is the threshold value. 

 

 

Figure 3-27 Threshold method using Gauss deconvolution. 

(Modified from (Bossa et al., 2015)) 

 

The ratio between black color pixels and total pixels is the 2D porosity. As shown in Figure 3-28 

different threshold leads to different 2D porosity.  
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Original Image Threshold=20, Porosity=0.315% Threshold=40, Porosity=1.381% Threshold=60, Porosity=4.130% 

    
Threshold=80, Porosity=11.7237% Threshold=100, Porosity=24.41875% Threshold=120, Porosity=41.9812% Threshold=140, Porosity=61.7825% 

    
Threshold=160, Porosity=79.8875% Threshold=180, Porosity=91.6225% Threshold=200, Porosity=97.1287% Threshold=220, Porosity=99.1687% 

 

Figure 3-28 Porosity change due to different threshold value.  
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3.3.3 3D reconstruction and 3D porosity calculation 

X-ray microcomputed tomography (micro-CT) enables the internal microstructures in cement to 

be visualized. More specifically, the visualization is achieved by the 3D reconstruction technique, 

which can transfer a series of 2D cross-section CT images into a 3D volume, and thus the 3D 

structure of the scanned object can be easily visualized and used for further analysis, like porosity 

calculation and CFD simulation. 

 

3D Reconstruction is currently known as a mature technique, and several state-of-the-art software 

packages provide the 3D reconstruction function and make it easy to use. In this research, 

Simpleware ScanIP was used to reconstruct the 3D cement models from cross-section images. The 

3D cement models generated using CT images were called as digital cement models. “Digital” not 

only means that the cement microstructure can be stored and shown in the computer but also 

indicates that the porous media parameters measured from experiments like pore volume, surface 

area, porosity, permeability, etc., can be easily calculated from the digital cement models. 

 

One important advantage of digital cement models is that the connected pores can be easily tracked 

and the effective porosity can then be calculated. Flood fill, also called seed fill, is an algorithm 

that determines the area connected to a given node in a multi-dimensional dataset. Using this 

algorithm, connected pores will be marked in a different color and extracted from the digital 

cement models. In Figure 3-29, connected pores are shown in cyan color compared with all pores 

shown in red color. 

 

For 3D porosity calculation, the 3D porosity is simply equal to the connected pores divided by the 

total volume of the digital cement model. Since the digital cement model is established based on a 

set of 2D cross-section CT images, the 3D porosity is approximately equal to the average value of 

the 2D porosities of the CT images. 

 



 

52 

 

 

Figure 3-29 Connected pores tracked by the flood fill algorithm. 

 

The volume rendering technique makes the digital cement model looks more real. According to 

the density difference, different compositions in the cement structure can be easily identified and 

visualized (Figure 3-30). 

 

 

Figure 3-30 A thermal cement piece displayed using volume rendering. 
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3.3.4 Analyses of geometrical parameters   

Table 3-4 summarizes the geometrical parameters that can be analyzed using the digital cement 

method. For 2D analysis, the analysis work can be either performed by commercial software such 

as Simpleware or open source software such as ImageJ. It is noteworthy to mention that for fracture 

tracking and measurement, ImageJ would be the best option. Figure 3-31 is a SEM image of a 

cement matrix with fractures. The fractures were labeled and measured using ImageJ. 

 

Table 3-4 Geometrical  parameters determined from 2D and 3D analysis. 

2D analysis 3D analysis 

area surface area 

2D length 3D length 

2D width 3D width 

2D porosity 3D porosity 

 volume 

 3D shape factor 

 

 

Figure 3-31 Cement fractures in SEM image were labelled by ImageJ. 
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For 3D analysis, many embedded functions are available in commercial software to calculate the 

geometrical parameters. The 3D objects are commonly in irregular shapes. Therefore, the 3D 

dimensions such as length and width are obtained by measuring the Feret diameters of the 3D 

object (see Figure 3-32). The Feret diameter is a measure of an object size along a specified 

direction. In general, it can be defined as the distance between the two parallel planes restricting 

the object perpendicular to that direction. The maximum Feret diameter was defined as the length 

of the 3D object whereas the minimum value was defined as the width of the 3D object. So, the 

length is the largest dimension and the width is the smallest dimension (Ruzyla, 1986). 

 

 

Figure 3-32 Example of Feret diameter measurement. 

 

The 3D shape factor is a dimensionless parameter that describes the shape of the 3D object. Its 

calculation can be varied and this thesis adopted the calculation shown in the Eq. (3-2). 

3𝐷 𝑠ℎ𝑎𝑝𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎3

36×𝜋×𝑣𝑜𝑙𝑢𝑚𝑒2                                         (3-2) 

 

3.4 CT-based numerical simulation using ANSYS CFX 

3.4.1 Principles of absolute permeability determination by using CFD simulation 

Permeability is a measure of the ability of a porous material to allow fluids to flow through it. 

Absolute permeability is an intrinsic property of the material. It is a function of the material 

structure only. Once the material microstructure details were obtained and displayed in the 

computer by CT scan and 3D reconstruction technique, then the absolute permeability could be 

calculated by using the FEM simulation of the digital cement models. A flow chart summarizing 

the step by step permeability calculations is shown in Figure 3-33.  



 

55 

 

 

Figure 3-33 Flow chart of permeability calculation using a digital cement model and FEM analysis. 

 

Absolute permeability is usually measured by the steady-state flow through the porous media 

method. This has been the industry standard for many years because it is a convenient technique 

and the equipment is easy to operate. Permeability can then be calculated by using the integrated 

form of Darcy's law for a compressible fluid, as shown by Eq. (3-3) (Yang et al., 2019):  

 

    𝑘𝑎 =
2000𝑝𝑎𝜇𝑞𝑎𝐿

(𝑝1
2−𝑝2

2)𝐴
       (3-3) 

𝑘𝑎 = Air permeability, mD 

𝑝𝑎 = Atmospheric pressure, atm 

𝑝1 = Upstream pressure, atm 

𝑝2 = Outlet pressure, atm 

𝐿 = Length, cm 

𝜇 = Air viscosity, cP 

𝑞𝑎 = Gas flow rate at atmospheric pressure, cm3/s 

𝐴 = Cross-sectional area, cm2 
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For absolute permeability calculation based on the numerical simulation, the method used was 

similar to the experimental measurement technique. One difference was that at first, the flow model 

was set as laminar flow. The program tries different flow rates until the flow regime is confirmed 

as laminar, and all material balance equations are satisfied. When the simulation is finished, the 

flow rate can be extracted from the post-processing step, and it will be used to calculate the 

permeability. From Eq (3-1), the permeability k can be calculated based on 𝑞𝑎.  

 

3.4.2 Grid generation and simulation settings 

As shown in Figure 3-34, the first step of the CT-based numerical simulation is to create the 

physical model. The digital cement model created by the 3D reconstruction is precisely the 

physical model of the cement sample. As the fluid flows through the pores, only the connected 

pore structure needs to be extracted from the cement. The rest of the work is to transfer the digital 

cement model (pores) to mesh file. Simpleware provides a function to achieve this transformation.  

 

     

(a) 3D cement model using volume rendering (b) 3D pore structure (c) FEM mesh of pore structure 

Figure 3-34 Transformation of the digital cement model (pores) to the FEM mesh. 

 

As for the boundary conditions, the inlet pressure was set to be equal to the total injection pressure 

and the outlet pressure was set to be equal to the atmospheric pressure. The atmospheric pressure 

depends on the local elevation. The pressure gradient used in the simulation should be equal to the 

pressure gradient of the realistic condition. 
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Normally, a cubic section is extracted from the cement body and is used for permeability 

calculation. Due to the heterogeneity of the pore structure at the micron level, the location change 

of the small section may affect the permeability. Examples are shown in Figure 3-35. Nine 

subsections at a cubic cement sample were extracted. Connected pores were shown in green color. 

It is apparent that the connected pores varied a lot at different locations. The extreme case is at 

location 5 where no connected pores were observed and thus the effective porosity is equal to 0. 

Considering the porosity variation, the permeability should also vary at a different location. So 

how to calculate permeability in such a situation? A detailed solution technique was discussed in 

Chapter 4. 
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1: effective porosity: 16.67% 

 

2: effective porosity: 13.64% 

 

3: effective porosity: 6.54% 

 

4: effective porosity: 1.99% 

 

5: no effective porosity: 0% 

 

6: effective porosity: 14.01% 

 

7: effective porosity: 2.07% 

 

8: effective porosity: 12.65% 

 

9: effective porosity: 5.76% 

Figure 3-35 Connected pores of cement samples obtained from 9 different locations. 
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3.4.3 The dual-domain simulation model 

In recent years, using the CT-based 3D simulation to investigate the mechanical and transport 

properties of cement paste became a topic of interest for many researchers (Das et al., 2016; 

Kabilan et al., 2016; Kjøller et al., 2016; Viejo et al., 2016). How to consider the multiscale 

characteristic of cement structures is l the key issue in these simulation works. Some researchers 

(Hlobil et al., 2016; Zhang et al., 2017) answered this question by building a multiscale model, 

which characterizes the cement paste at different levels individually when studying the mechanical 

properties of the cement paste. But this question remained for the cement transport simulation. A 

dual-domain transport simulation method, which considers the multiscale characteristic of cement 

structures is, therefore, proposed in this study. 

 

Cui and Cahyadi (2001) presented a bicomposite model to predict the permeability of the cement 

paste. In their model, the cement paste consists of two phases. One phase is the relatively high-

permeability phase, like capillary pores and the other one is a relatively low-permeability phase, 

such as C-S-H gel, CH, and unhydrated cement particles. The dual-domain model is developed 

based on the concept of the bicomposite model.  

 

The microstructure of the cement paste is captured non-destructively using micro-CT and image 

analysis technique, instead of using mercury intrusion porosimetry (MIP), which was used by Cui 

and Cahyadi (2001). The microstructure of the cement paste consists of two parts: the easily 

identified pores and fractures, and the cement matrix, which is beyond the resolution of CT scan 

and thus cannot be captured (Figure 3-36a). Traditional simulation defines the pores and fractures 

as fluid domain and only focuses on the flow in this single domain. Therefore, this simulation 

method is called as single-domain simulation (Figure 3-36b). In the dual-domain simulation 

(Figure 3-36c), apart from the fluid domain, the cement matrix is defined as porous domain. The 

porous domain is designed to model features that can not be feasibly resolved or discretized 

because it would require an impossibly fine grid.  
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cement matrix 
(porous domain)

pores & fractures 
(fluid domain)

(a) cement paste microstructure captured by CT scan       (b) single-domain simulation                                 (c) dual-domain simulation 
 

Figure 3-36 Schematic diagram shows the difference between single-domain simulation and dual-domain 

simulation. 

 

Figure 3-37 compares the flow chart of the traditional single-domain simulation with the dual-

domain simulation. The major difference is that the porosity and permeability of the porous domain 

should be estimated before running the simulation. For cement study, this requires the porosity 

and permeability of the cement matrix to be obtained. The porosity of the cement can be 

theoretically calculated or measured by using a simple drying method. For the permeability of the 

cement matrix, it can be tested by using a permeameter. 
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Figure 3-37 Flowcharts of single and dual--domain simulations, respectively. 

 

3.4.4 Permeability test apparatus 

Figure 3-38 shows the apparatus used for cement permeability measurement. It has an ISCO 

syringe pump used for fluid injection into the cement. A nitrogen gas tank was used to provide the 

confining pressure. The inlet fluid injection pressure was measured by using the pressure 

transducer. A specially designed core holder was able to hold a cylindrical cement sample, which 

has a diameter of one inch and a length of one inch to three inches. 

 

When testing the cement permeability, the nitrogen tank was turned on first to provide the 

confining pressure, and then the inlet pressure was gradually increased to a desired value. The fluid 

injection pressure and the flow rate can be real-time monitored, and the pressure and flow rate can 

be recorded by the computer for further analysis. The cement permeability was calculated by using 

Darcy’s law. 
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Figure 3-38 Permeameter used for cement permeability measurement. 
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Chapter 4 CT-CFD Integrated Investigation into Porosity and 

Permeability of Neat Early-age Well Cement at Downhole 

Condition 

 

4.1 Abstract 

This study presents an experimental and numerical approach to investigate the permeability of neat 

early-age (7 days) well cement sample under downhole conditions (50 °C and 10 MPa). Realistic 

representative volume elements (RVEs) were first extracted from Class G cement sample. Porosity 

and permeability (poroperm) of the RVEs were then calculated through combining computed 

tomography (CT) with three-dimensional (3D) computational fluid dynamics (CFD) technique. In 

the end, poroperm data of well cement and formation rocks were compared. Results show that 1) 

at the micron scale (2.64 µm), non-uniform porosity distribution in cement sample was observed, 

which caused the permeability disparities at different locations. The minimum RVE size should 

be determined on a case-by-case basis. The characteristic linear curve-fitting line was generated 

to correlate the permeability with the effective porosity. 2) Average effective porosity values 

calculated from the representative element volumes were introduced into the correlation curve to 

determine the permeability of cement sample. From the simulation, the permeability of the neat 

early-age Class G cement sample at downhole condition was estimated to be 9.771×10-17 m2. 3) 

Juxtaposed with poroperm experiment data of different formation rocks, the poroperm of neat 

early-age well cement are mainly distributed in the sandstone zone, which suggests that the 

permeability of neat early-age cement is close to permeability of tight sandstone formations. The 

linear relationship between poroperm of neat early-age well cement sample in semi-log plot 

indicates its permeability behavior will approach to that of shale if the hydration process of cement 

is continued. 

 

 
This chapter was published as “Yang, X., Kuru, E., Gingras, M., & Iremonger, S. (2019). CT-CFD integrated 

investigation into porosity and permeability of neat early-age well cement at downhole condition. Construction and 

Building Materials, 205, 73-86. https://doi.org/10.1016/j.conbuildmat.2019.02.004” 
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4.2 Introduction 

Well cement is used to seal and stabilize the oil and gas wells. In the duration of the wells’ lifetime, 

they are prone to have leakage any time after the commencement of production (Bonett and Pafitis, 

1996). This leakage brings many problems to both field production and the environment (Bol et 

al., 1991; Visschedijk et al., 2018). It also put threats to the security of CO2 Capture and Storage 

(CCS), which may store the CO2 in the oil and gas reservoirs (Lavrov and Torsæter, 2016; 

Rimmelé et al., 2008; Saasen et al., 2011). Permeability is considered to be an important indicator 

to evaluate the durability of cement ( Bouny et al., 2009; Basheer et al., 2001; Luping and Nilsson, 

1992). It is known that the permeability of cement is strongly affected by the pore structure (Luping 

and Nilsson, 1992; Tiab and Donaldson, 2015). Many researchers have attempted to establish the 

relationship between permeability and pore-structure of the cement from experimental, analytical, 

and numerical perspective. 

 

Mercury intrusion porosimetry (MIP) is one experimental technique commonly used to study the 

microstructure of cement (Bágel’ and Živica, 1997; Justo-Reinoso et al., 2018; Liu and Winslow, 

1995; Zajac et al., 2018). However, the accuracy of mercury intrusion porosimetry is limited. For 

example, the drying process required before conducting MIP can damage and alter the pore 

microstructure (Holly et al., 1993). The high pressures that are necessary for the intrusion of the 

smaller pores alters the pore microstructure (Beaudoin, 1979). Modifications and other techniques 

have also been used to test the cement permeability such as Helium pycnometric method 

(Beaudoin, 1979), non-contact impedance measurement (Tang et al., 2014), beam bending method 

(Valenza and Thomas, 2012) and constant water flow method (i.e. Darcy Tests) (Phung et al., 

2013).  

 

As for analytical research on cement permeability, Hughes (1985) reported the influence of 

average pore radius on permeability by using Poiseuille's formula. Tang and Nilsson (Luping and 

Nilsson, 1992) theoretically analyzed the quantitative relationship between permeability and pore 

size distribution by introducing the concept of long-range force. Based on the General Effective 

Media (GEM) theory, Cui and Cahyadi (2001) presented a model to predict the water permeability 

of ordinary Portland cement (OPC) paste from its pore structure. Atzeni et al. (2010) used 
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geometric models to calculate fluid permeability coefficients of hardened cement pastes. After the 

publication of Katz and Thompson permeability theory (Katz and Thompson, 1986), some 

researchers have applied the Katz and Thompson permeability theory to predict the permeability 

of cementitious materials (Christensen et al., 1996; El-Dieb and Hooton, 1994; Zhou et al., 2017). 

 

The determination of the cement permeability through experiments is time consuming and not cost 

effective (Faiz, 2014). For analytical methods, the governing equation that controls the fluid flow 

is non-linear and difficult to solve. Assumptions and simplification can be applied to make 

analytical problems easier to solve even though the simplification introduces errors. However, in 

most cases, even the simplified equations cannot be solved analytically (Ferziger and Perić, 2002). 

To overcome these challenges, there is a need to develop a new method to make the prediction of 

cement permeability easier and more efficient. Once the power of computers had been recognized, 

interest in numerical approaches increased dramatically.  

 

Regarding numerical approaches on cement permeability, lattice Boltzmann (LB) and discrete 

element method (DEM) are two main methods of computational fluid dynamics (CFD) used to 

simulate the fluid flow through the cement. Zalzale and McDonald (2012) used the LB method to 

calculate the permeability of microstructures (generated by a software called μIC) as a function of 

water-to-cement ratio and degree of hydration of the paste. They also developed a 3D LB model 

to calculate the water and gas permeabilities of model cement pastes at different degrees of water 

saturation (Zalzale et al., 2013). Li et al. (2016a) investigated the liquid water and gas permeability 

of partially saturated cement paste by DEM approach. They named the dynamic DEM-based 

modeling approach as complete methodology to estimate the permeability of cement pastes by 

their pore structures (Li et al., 2016b). One of the main conclusions from these numerical studies 

(Li et al., 2016a, 2016b; Zalzale et al., 2013; Zalzale and McDonald, 2012) is that the permeability 

of a cement paste is not only dependent on the degree of saturation but also on three-dimensional 

(3D) microstructure of cement paste. However, the 3D microstructures used in (Li et al., 2016a, 

2016b; Zalzale et al., 2013; Zalzale and McDonald, 2012) were virtual microstructures generated 

by computer-based models, which might not be able to properly represent the real microstructures 

of cement paste and so need further validation.  
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Micro computed tomography or "micro-CT" has been widely used for cement research due to its 

non-destructive characteristic. Moreover, it is possibly the only way to obtain 3D material internal 

information efficiently. The micro-CT was initially used as a standalone characterization tool to 

investigate the internal structure of cement such as cement particle shapes (Garboczi and Bullard, 

2004; Nitka and Tejchman, 2018; Ueda et al., 2018) and pore network (Bossa et al., 2015; Brisard 

et al., 2018; Gallucci et al., 2007). The statistical and morphological analyses using computed 

tomography provides a new view of the cement microstructure because it gives a realistic 3D 

geometry. The realistic 3D geometry represents the real pore structure of cement, and it influences 

the permeability of the cement. Only a few recent research efforts combined numerical approach 

with the realistic 3D geometry. Kjøller et al. (Kjøller et al., 2016) evaluated the permeability of 

defect cement zones by combining micro-CT imaging and numerical modeling. Kabilan et al. 

(2016) combined micro-CT imaging with CFD modeling to study the effect of geochemical and 

geomechanical processes on fracture permeability in composite Portland cement-basalt caprock 

core samples. The geometry used in both researches are cement with defect zones or fractures. 

Apparently, the flow in such a geometry is dominated by the defect zones rather than the capillary 

pores. Moreover, due to the large dimensions of the cement sample they prepared, the precision of 

the CT scan was limited to 10-25 μm. However, the bulk of the capillary pores cannot be 

characterized at that resolution. No information is available on the fluid flow in neat cement 

samples considering the realistic 3D geometry without defect zones or stress-induced fractures. 

Higher precision of the CT scan, which can capture more details of the capillary pores is also 

needed.  

 

Instead of using lattice Boltzmann or DEM approach, an element-based finite volume method was 

used in this research to simulate fluid flow through cement. The element-based finite volume 

method was proven to have high efficiency to handle the flow simulations with complex geometry 

(Marcondes et al., 2013a, 2013b) and has been widely used in realistic porous media simulations 

(Dixit and Ghosh, 2018; Song et al., 2017; Y. S. Wang and Dai, 2017). It is also worth noting that 

at the micron scale, the microstructure of cement may still behave as heterogeneous material 

(Bossa et al., 2015; Viejo et al., 2016). The local permeability may change at different positions. 
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In order to get the representative permeability value of cement, representative volume elements 

(RVEs) need be built. The RVE is the smallest volume over which a measurement or simulation 

can be carried out to produce a result that is representative of the macroscopic property (Yio et al., 

2017). Although RVE has been commonly used in micromechanics to analyze and predict the 

mechanical behavior of cement (Das et al., 2016; Viejo et al., 2016), the application of RVE to 

flow study (at this scale) has not been covered before. 

 

This paper aims to investigate the permeability of the neat early-age (7 days) well cement sample 

at the downhole conditions (50 °C and 10 MPa). An integrated approach combining the micro-CT 

and the element-based finite volume method was proposed. The proposed approach provides a 

quantitative means to estimate the porosity and permeability of neat early-age well cement sample 

taking into account the realistic microstructure. For the first time, the representative volume 

element method is used to assist the permeability calculation of cementitious material. Following 

this introduction and review of the state of the art, the integrated CT-CFD approach is fully 

described in the subsequent section. Porosity and permeability results are discussed in the next 

section with validation of the numerical approach. The study ends with a set of conclusions. 

 

4.3 Methodology  

4.3.1 Specimen preparation 

Pure Class G cement powder was used to prepare the cement slurry. 0.45 water-cement (w/c) ratio 

was used in this study. High-temperature 1/8 in PTFE (Teflon) pipe was selected to make the 

molds. Reasons for selection of PTFE material are: 1) Every micro-CT scanner has its limitation 

with the object size. For the micro-CT scanner used in this research (SkyScan 1172), the maximum 

object size was 27 mm in diameter. So the diameter of the mold could not exceed 27 mm. In 

addition, the precision of the CT scan is limited to the sample size. The smaller sample will get 

images with higher accuracy; 2) Compared with metal materials, PTFE pipe has lower density and 

thus make it easy for X-ray to penetrate. Besides, some specially made PTFE pipes have a super-

smooth interior so the molds can be easily separated from the cement; 3) The high-temperature 

PTFE pipe has a temperature range of -268 °C to 287 °C and can withstand 24 MPa pressure. The 
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cement sample with the molds can be placed into the pressure cell together and then cured under 

elevated pressure and temperature.  

 

As for the height of the cement sample, we found that the length affects the cement microstructure. 

For example, cement samples with 10 cm, 15 cm and 20 cm lengths compared to cement samples 

with 5 mm length, it was found that the cement samples with 5 mm length were prone to have 

bubbles inside. Optimization work has been done and decided to use cement sample with 15 mm 

length. Apart from the PTFE pipe, PTFE film (which has a slippery surface that prevents sticking 

and allows objects to slide across it easily) and no-hap curved-head cable ties were used to seal 

the mold. The complete mold used in this research is shown in Figure 4-1. 

 

 

Figure 4-1 Illustration of the cement curing apparatus and the sample mold. 

 

The cement slurry was mixed according to API standard 10A. Then, the cement slurry was injected 

into the mold by using the syringe. Before sealing the mold, a small tamping rod was used to tamp 

the slurry to remove the bubbles from the slurry as much as possible. In order to simulate the 

cement behavior under downhole conditions, we cured the cement samples at 50 °C and 10 MPa. 

The curing procedure is as follows: 1) A cement sample is placed inside a cylindrical cell, which 

is filled up with water and pressurized using a water pump; 2) The pressurized cylinder is then 

placed inside an oven for temperature control. A picture of the curing set-up is shown in Figure 4-

1. Note that the water pump is located externally to the oven and not shown in Figure 4-1. To keep 

the cement samples in a stable position to get the smooth ends, the pressure cell and the cement 
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samples inside were all placed vertically. The duration of the cement curing is 7 days. Cement 

samples should be well stored after they are taken out of the oven. The cement samples were 

wrapped by plastic film to prevent the water loss and isolate the cement samples from the contact 

with air. 

 

4.3.2 CT characterization of specimens 

Micro-computed X-ray tomography (CT) equipment available at the Earth and Atmospheric 

Science Department, University of Alberta was used for the cement microstructure 

characterization. The device is a SkyScan 1172 desktop X-ray micro-CT. X-ray shadow projection 

images were generated first during the scan process and then digitized as 4000 × 2090 pixel with 

16-bit depth. Once the CT scan is finished, NRecon software is used to reconstruct cross-section 

images from X-ray shadow projection images according to the Feldkamp algorithm. Normally, the 

term CT images mean the cross-section images. The reconstructed cross-sections are in 4000 × 

4000 pixel (floating point) format. 

 

Cement is considered as a high-density material. High energy X-rays are needed to scan high-

density materials. The adjustment of energy or voltage of the X-rays can be achieved by changing 

scan filters. Copper plus aluminum filter (Cu + Al) was selected for the cement CT scan. Because 

of the sample size, the highest resolution of 1/8 inch size samples was about 2.64 μm. To minimize 

the end effect, only the middle part of the specimen was scanned. Flat field correction and 

alignment tests were required before the CT scan. These two operations would make sure that the 

CT images have high contrast and with less noise. 

 

Based on the scan experience, long CT duration decreases the quality of cement CT images. 

Averaging frames and rotation degree are the two main factors controlling the CT duration. 

Averaging frames allows improvement of the image quality by averaging the several images in 

every angular position. Increasing the number of frames will increase the quality but also makes 

the acquisition longer (Skyscan NV, 2011). Using 360 degrees rotation can reduce symmetrical 

artifacts from dense objects across the surrounded low absorption material. This will also almost 

double the scanning time. Figure 4-2 shows the difference of two CT images using different 
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rotation degrees. The grain boundaries tend to be less clear from inside to the outside of the image 

obtained by using 360 rotation degrees. Images obtained by using 180 rotation degrees have 

relatively clear grain boundaries. 

 

   

                                                    (a) 180 degrees                                     (b) 360 degrees    

Figure 4-2 CT Images of cement sample scanned by using 180 and 360 degrees of rotation. 

 

A few reconstruction parameters have to be adjusted manually in a trial-and-error fashion to correct 

the beam hardening, ring artifacts, and provide alignment optimization (Skyscan NV, 2011). It 

requires quite some effort to save the preview images, view them and then make a decision. A raw 

CT image without any correction is compared with the corrected image as shown in Figure 4-3. 

After many different scan attempts, the optimum values for the scan and reconstruction parameters 

were found as shown in Table 4-1. 

   

                                                                  (a) Raw image                                (b) Corrected image    

Figure 4-3 Raw and corrected cross-section images of the cement microstructure. 
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Table 4-1 Optimized scan and reconstruction parameters for CT characterization. 

Scan parameters Value 

acquisition time (min) 50 

X-ray beam form cone beam 

Total number of projections 486 

source voltage (kV) and current (uA) 100, 100 

scan filter Al + Cu 

rotation step (degree) 0.4 

resolution (μm) 16.87 

frame averaging 2 

random movement 1 

use 360 rotation No 

 

4.3.3 Image processing and porosity calculation 

CT technique is based on the ability of X-ray to penetrate objects with a certain thickness to collect 

the attenuated post-penetration information of a specific section. In the CT images obtained from 

Section 4.3.2, changes in the gray value reflect the internal density changes of the objects. White 

color means the highest gray value and object density and indicates cement solid phase while black 

color means the lowest gray value and object density and reveals the void phase of the cement. 

Because most pixels of CT images are gray, threshold segmentation method is used to select an 

appropriate gray value and convert the CT images into binary images with only black and white 

colors.  

 

Gaussian deconvolution is proved as an effective threshold segmentation method for identifying 

the different phases in CT images of cement (Bossa et al., 2015; Němeček et al., 2011). A 

histogram of CT images is used to perform the Gaussian deconvolution. The histogram shows the 

number of pixels in a 2D or 3D object at each different intensity value found in that object. For 8-

bit grayscale CT images, there are 256 different possible intensities. Histogram graphically 

displays 256 numbers showing the distribution of pixels amongst those grayscale values.  

 

From the deconvolution theory (Bossa et al., 2015; Němeček et al., 2011; Sammartino et al., 2002; 

Vandamme and Ulm, 2009), cement image histogram can be deconvoluted by three Gauss curves. 

Based on the mineral identification by XRD analysis and the respective calculation of each 
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mineral’s linear attenuation coefficient, each of the Gauss curves was realted to one or multiple 

phases of the cement (Bossa et al., 2015): The Gauss1 curve associated to void phase, the Gauss2 

curve associated to the hydrated mineral C–S–H and Portlandite, and the Gauss3 curve was related 

to unhydrated cement particles. The threshold value defining the frontier between the pores and 

the cement material was set at the intersection between the Gauss1 curve and the Gauss2 curve. 

Histograms after Gaussian deconvolution are shown in Figure 4-4. A threshold value of 88 was 

applied to Class G cement. As can be seen from Figure 4-5, using the obtained threshold value, 

the CT images (Figure 4-5a) were converted into the binary images (Figure 4-5b) which were used 

as the input information for the 3D reconstruction process demonstrated below.  
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Figure 4-4 Deconvolution of histogram of Class G cement. 

 

The 3D cement model (Figure 4-5c) was extracted from the binary images (Figure 4-5b) by using 

3D reconstruction technique, which interpolates the data between binary images to form the 

volumetric 3D model. 3D Reconstruction is currently known as a mature technique, and several 

state-of-the-art software packages provide the 3D reconstruction function and make it easy to use. 

Here, ScanIP from Synopsys Inc. was used to reconstruct the 3D cement models from cross-section 

images.  
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The 3D cement model (Figure 4-5c) generated using CT images were also called as the digital 

cement model. “Digital” not only means that the cement microstructure can be stored and shown 

in the computer but also indicates that the porous media parameters like pore volume, surface area, 

porosity, permeability, etc. can be easily calculated from the digital cement models. For example, 

one of the most critical advantages of the digital cement models is that the connected pores can be 

easily tracked and the effective porosity can then be calculated. Connected pores link the two ends 

of a sample in the flow direction and serve as the effective flow channels in the cement. Flood fill, 

also called seed fill, is an algorithm that determines the area connected to a given node in a multi-

dimensional dataset. Using this algorithm, connected pores (Figure 4-5d) can be extracted from 

the digital cement model (Figure 4-5c). Under this condition, the total porosity equals to the ratio 

between the red pore volume and the cube volume in Figure 4-5c, and the effective porosity equals 

to the ratio between the cyan pore volume and the cube volume in Figure 4-5d. 

 

 

Figure 4-5 Extraction of 3D connected pores from the 2D CT images. 

 

3D reconstruction technique makes the scanned object easily visualizable. The 3D geometry 

created by the 3D reconstruction technique can not only be used for morphological and statistical 

analysis (Bentz, 2006; Bossa et al., 2015; Gallucci et al., 2007; Garboczi, 1990; Helfen et al., 2005; 

Promentilla et al., 2009), but also to provide the realistic physical geometry, which plays a vital 

role in later CFD simulation.  

 

4.3.4 Gas permeability calculation and governing equation  

Permeability is a measure of the ability of a porous material to allow fluids to pass through it. 

Absolute permeability is an intrinsic property of the material. It is a function of the material 
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structure only. The CT-based 3D model can be used as a basis for numerical assessment of absolute 

permeability. 

 

Because of the convenience, absolute permeability is usually measured by the steady-state method 

and it has been the industry standard for many years (ASTM D4525-13e1, n.d.; Morton-Thompson 

and Woods, 1993a). The pressure differential between the two ends of the test core and flow rate 

is kept at steady state, resulting mass flux is used to calculate permeability using Darcy's law as 

shown below:  

𝑘𝑔 =
2𝑝𝑎𝜇𝑞𝑔𝐿

(𝑃1
2−𝑃2

2)𝐴
      Eq. (4-1) 

𝑘𝑔 =  Gas permeability, m2 

𝑝𝑎 = Atmospheric pressure, MPa 

𝑃1 = Upstream pressure, MPa 

𝑃2 = Outlet pressure, MPa 

𝐿 = Length, m 

𝜇 = Air viscosity, MPa·s 

𝑞𝑔 = Gas flow rate at atmospheric pressure, m3/s 

𝐴 = Cross-sectional area, m2 

𝑣𝑔 =
𝑞𝑔

𝐴
=

(𝑃1
2−𝑃2

2)

𝐿
×

𝑘𝑔

2𝑝𝑎𝜇
     Eq. (4-2) 

 

To ensure that flow conditions satisfy Darcy's law, several gas flow rates have usually been used 

for measurements. In practice, gas permeability is calculated from the slope of the plot of the 

seepage velocity 𝑣𝑔 versus  (𝑃1
2 − 𝑃2

2)/𝐿, which results in a straight line passing through the origin 

(according to Eq. (4-2)) as long as the conditions for Darcy's flow are established (Morton-

Thompson and Woods, 1993b).  
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For absolute permeability calculation based on the numerical simulation, the method used was 

similar to the experimental measurement technique. Because the simulation in this research 

focuses solely on the internal flow in the microstructure of cement, the most basic control equation 

is used for this simulation. Ignoring the change in air density in the flow process, the flow of gas 

in cement can be seen as an incompressible viscous flow which follows the three physical 

conservation laws (conservation of mass, momentum and energy). Therefore, the flow can be 

described by the Navier-Stokes equation (Ferziger and Perić, 2002), whose vector formula is given 

as follows: 

𝜌 [
𝜕𝝊

𝜕𝑡
+ (𝝊 ∙ ∇)𝝊] = 𝜌𝒇 − ∇𝑝 + 𝜇∇2𝒗    Eq. (4-3) 

 

Where the left side of Eq. (4-3) denotes the inertial force, 𝜌𝒇 on the right side is the body force, 

∇𝑝 is the pressure force, and 𝜇∇2𝒗 is the viscous force. 

 

The simulation program tries different flow rates until the flow regime is confirmed as laminar, 

and all material balance equations are satisfied. When the simulation is finished, the flow rate is 

extracted, and it is used to calculate the permeability. Using Eq. (4-2), if we know 𝑞𝑔, we can then 

calculate the permeability 𝑘𝑔. 

 

4.3.5 Representative volume element selection 

 

The representative volume element (RVE) is the smallest volume over which a measurement or 

simulation can be carried out to produce a result that is representative of the macroscopic property 

(Yio et al., 2017). In order to get the representative permeability value of cement, RVEs of cement 

sample should be selected and built. The RVE size (or characteristic length) is an important 

parameter need to be considered while selecting RVE. Theoretically, the RVE must be large 

enough compared to the dimension of the heterogeneities yet small enough compared to the system 

analyzed (Gitman et al., 2007). Usually, a larger RVE tends to provide more representative or 

accurate result, but for CFD simulation, a larger RVE may have two or three times grid elements 
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than a smaller one, which will significantly increase the calculation time. Compromise between an 

accurate estimation of the RVE size and the required CPU time is normally necessary (Pelissou et 

al., 2009).  

 

Recent research (Yio et al., 2017) suggested that the minimum RVE size of cementitious materials 

should be larger than 1003 μm3. Based on a cubic shape, the physical length of the RVE should 

bigger than 100 μm. As the resolution of CT images in this research equals 2.64 µm, a side length 

of 100 pixel equals physical size 264 μm. This RVE size satisfies the minimum RVE size 

requirement recommended by (Yio et al., 2017). As demonstrated in the Section 4.3.2, to minimize 

the end effect, only the middle part (Figure 4-6b) of the cement sample (Figure 4-6a) was scanned. 

Then a main 3D volume (Figure 4-6c) was cropped from the middle part. At last, to avoid the 

random error, RVEs (Figure 4-6d) at 27 different locations were selected from the main 3D volume 

in this research. 
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 (a) cement sample                 (b)  digital cement model                               (c) main 3D volume                                     (d)  RVE
 

Figure 4-6 Selection of RVE from the cement sample. 

 

4.3.6 Geometry and boundary conditions 

The first step of any CFD simulation is to create the physical model and generate CFD grid. Digital 

cement model is precisely the physical model of the cement sample. As the fluid flow through the 

pores, only the connected pore structure needs to be extracted from the cement. The rest of the 

work is to transfer the digital cement model (pores) to CFD grid. ScanIP from Synopsys Inc. 

provides a function to achieve this transformation. Figure 4-7 shows the connected pores extracted 
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from a RVE, which has the volume of 100 pixel3. Part of the CFD grid is shown in the enlarged 

view. After the CFD grid is ready, boundary conditions can be applied to the physical model.  

 

As shown in Figure 4-7, total pressure and static pressure were set as the inlet (pink) and outlet 

(cyan) boundary respectively (see Figure 4-7). The rest of the RVE were set as no-slip wall (grey) 

conditions. The outlet pressure normally equals to the atmospheric pressure. However, the 

atmospheric pressure depends on the local elevation. After took account of the local elevation 

(1045 m, Calgary, Canada). The outlet pressure was set at 0.088 MPa. Key parameters of the 

simulation are summarized in Table 4-2. The determination of inlet pressure values listed in Table 

4-2 will be discussed in Section 4.4.1.  

 

pressure outletpressure inlet no-slip wall
 

Figure 4-7 CFD grid and boundary conditions setting. 

 

 

Table 4-2 Key parameters of the numerical simulation. 

Parameter Value 
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Simulation type steady simulation 

Fluid type air at 25ºC 

Fluid density 1.185 kg·m-3 

Fluid viscosity 1.831×10-11 MPa·s 

Domain type single fluid domain 

Heat-transfer model isothermal model (25 ºC) 

Time scale physic time scale (2 s) 

Initial velocity U=0, V=0, W=2 (m·s-1) 

Boundary conditions 

inlet pressure: 0.096, 0.103, 0.110, 0.118, 0.125 and 0.133 MPa 

outlet pressure: 0.088 MPa (local atmospheric pressure) 

no-slip wall 

NOTE: U, V and W are the velocity values of fluid in the X-, Y- and Z- directions in Cartesian coordinate system. 

 

4.4 Results and discussion 

4.4.1 Determination of the inlet pressure values  

The physical size of the RVE (246 μm3) used in the simulation is much smaller than the cement 

core utilized experimentally (usually 1 inch in diameter). So the inlet pressure applied in the actual 

experiment was no longer suitable for the simulation. Considering the outlet pressure (equal to 

local atmospheric pressure, 0.088 MPa) and the confining pressure (~3 MPa), different inlet 

pressure values between 0.088 MPa and 3MPa were selected and the corresponding flow rates 

were determined by using the CFD simulation of flow through cement body. Curves of seepage 

velocity 𝑣𝑔 versus (𝑃1
2 − 𝑃2

2)/𝐿 under different inlet pressure upper limit were plotted in Figure 

4-8.  
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Figure 4-8 The curves of vg versus (Pinlet^2-Poutlet^2 )/L  at the different inlet pressure upper limit. 

 

As shown in Figure 4-8, higher inlet pressure caused the flow deviated from the linear relationship, 

and the non-Darcy effect became significant. The non-Darcy effect in the simulation is possibly 

due to the heterogenous cement structure at the micron level (Kaiser, 2006; Muljadi et al., 2016). 

The high tortuosity of CT-based cement model causes the convective acceleration and because of 

this the inertial effect becomes more important. Moreover, the heterogenous pore structure leads 

to the velocity fluctuations. Local velocity in narrow pores is increased and the flow pattern may 

become turbulent (J. Zhang et al., 2018; Y. Zhao et al., 2018). The existence of non-Darcy flow 

will influence the accuracy of the permeability calculation. 

 

To minimize the non-Darcy effect in the flow, Reynolds number under different inlet pressure 

upper limit was calculated. Reynolds number is an important indicator to predict flow patterns. 

Although various methods for calculating Reynolds number have been proposed (Z. Zeng and 
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Grigg, 2006), the method proposed by Ergun (1952) is applied in this research since Ergun’s 

method include porosity 𝜙 and intrinsic velocity 𝑢 which can be extracted from the CT-based flow 

simulation: 

𝑅𝑒 =
𝜌𝐷𝑝𝑢

𝜇

1

1−ϕ
     Eq. (4-4) 

where 𝜌 is the fluid density and 𝐷𝑝 is the diameter of cement particles. Ergun observed a critical 

value of Re=3-10 for the occurrence of non-Darcy flow. Later, Scheidegger (2013) modified this 

range to 0.1-75.  

 

Reynolds number shown in Figure 4-8 indicate that 0.133 MPa (Figure 4-8d, Re≈0.1) should be 

the appropriate upper limit for the inlet pressure. This inlet pressure value is similar to the value 

of 0.124 MPa proposed by Jikich et al. (2010). In order to avoid uncertainty and get a representative 

value, five different pressure values between outlet pressure and upper limit inlet pressure are also 

used as inlet pressure (see Table 4-2). So in total, six data points were obtained after the simulation 

performed at each RVE. A linear fitting was used to calculate the slope of the curve that connected 

all six data points. Then the final permeability value can be calculated from the slope.  

 

4.4.2 Non-uniform distribution of porosity in cement sample 

4.4.2.1 Discussion on minimum RVE size of cementitious material 

As shown in Figure 4-6c, 27 RVEs in 100 pixel3 size were extracted at different locations and 

connected pores were tracked by using flood fill algorithm (Figure 4-5). Based on the connected 

pores, gas permeability was calculated by applying the procedure introduced in Section 4.3.4. 

Figure 4-9 shows the total porosity, effective porosity and gas permeability change at different 

RVE location. Both total and effective porosity changed significantly with the model location and 

thus led permeability varied as high as three orders of magnitude.  
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Figure 4-9 Porosity and permeability of cement sample obtained from 27 RVEs at different locations. 

 

The variation in Figure 4-9 is because of the non-uniform porosity distribution in the cement 

sample. By plotting the total porosity at different locations in the main 3D volume (Figure 4-6c) 

and perform 3D data interpolation, we can obtain the 3D total porosity distribution, as shown in 

Figure 4-10. The non-uniform distribution of porosity can be easily identified from the Figure 4-

10. As mentioned in Section 4.3.5, Yio et al. (2017) suggest that the minimum RVE size is 100 

μm3. This means the porosity of RVEs at different positions should remain constant when RVE 

size is bigger than 100 μm3. However, according to Figure 4-10, the porosity still varied after RVE 

size approaches 100 μm3.  
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Figure 4-10 Total porosity distribution in the main 3D volume generated by performing 3D data 

interpolation. 

 

So the suggested RVE size by Yio et al. (2017) is not applied to the early-age (7 days) cement. 

Although Yio et al. (2017) also cured the cement samples for 7 days, their pre-treatment for 

microscopic porosity analysis, however, required at least 90 days. Under this condition, the 

microstructure of cement samples will change significantly after 97 days because of the hydration 

process. The change of microstructure will affect the RVE size determination (Pelissou et al., 

2009), therefore, the minimum RVE should be determined on a case-by-case basis.  

 

In practice, the changes in porosity are far too small and they can only be captured at the micron 

scale. If we further increase the RVE size, the porosity of the RVE will gradually approach a 

constant value. To prove this, different RVEs with size changed from 100 pixel3 to 1000 pixel3 

were cropped from the main 3D volume (Figure 4-6c) in two different methods: method A and B, 

as shown in Figure 4-11.  
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Figure 4-11 Cropping of different size RVEs from the main 3D volume in two different ways. 

 

Figure 4-12 shows how the porosity changes with the changing RVE size. For RVEs of Class G 

cement sample with side length longer than 800 pixels, the total porosity values are almost the 

same. The total porosity of cement tends to reach a constant value after increasing the RVE to a 

certain side length.  
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Figure 4-12 Porosity of the different size RVEs cropped from the main 3D volume in two ways. 
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The main difference between method A and method B is that they approach the constant value 

from two opposite directions. The reason is that although the total porosity distribution is non-

uniform, the total porosity has a decreasing trend from sample’s center to sample’s edge. So when 

using method A (Figure 4-11a) to crop the cement, as the RVE size increases, a lot more low 

porosity areas are included in the RVE, so the porosity thus decreased. In contrast, if use method 

B (Figure 4-11b), as the RVE size increase, more and higher porosity areas are included in the 

RVE, so the porosity thus increased. In general, an average result of method A and method B will 

provide a constant value. Lake (1989) illustrated a similar result that the porosity varied before 

reaching constant values, as shown in Figure 4-13.  
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Figure 4-13 Ideal porosity change with cube volumes (modified from Lake (1989)). 

 

4.4.2.2 Correlation between effective porosity and permeability 

Due to the limitation of the computer processing power, the optimum size of RVE used in this 

research is 100 pixel3. Because of the non-uniform porosity distribution in cement sample, 

however, the porosity of 100 pixel3 size RVE cannot fully represent the real cement sample. Under 

this condition, determining a representative permeability value for a cement sample is not an easy 

task. In this section, a statistical method is proposed to calculate the permeability based on the 100 

pixel3 size RVEs. 
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The power law between poroperm is widely accepted by many researchers and linear fitting 

between poroperm in semi-log plots is commonly adopted (Dong et al., 2017; Ehrenberg et al., 

2006; Ehrenberg et al., 2006; Jules et al., 2016; Nagatomo and Archer, 2015). Using the data 

presented in Figure 4-9, the linear fitting was used to correlate the permeability (k) and the 

effective porosity (𝜙) in Figure 4-14. The R2 value of the linear fitting was increased from 0.64782 

(red fitting line) to 0.75039 (green fitting line) by eliminating the outlier data point shown in Figure 

4-14. The permeability of Class G cement shows a moderately strong (R2=0.75) correlation with 

effective porosity. Therefore, here we use the red fitting line to calculate the permeability of the 

Class G cement sample. The equation of the fitting line is: 

 

log10 𝑘 = 0.20241𝜙 − 16.72782    Eq. (4-5) 
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Figure 4-14 Curve fitting of the permeability versus effective porosity data of Class G cement. 

 

If the porosity of the cement is known, then the permeability of the cement can be easily calculated 

based on Eq. (4-5). According to statistics theory, larger sample size should hypothetically lead to 

more accurate or representative results. According to Figure 4-12, the porosity approaches a 

constant value, which can represent the porous medium. We can assume that the porosity of RVE 
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with 800 pixel3 volume can represent the real Class G cement sample, and the corresponding 

effective porosity value in Figure 4-12 was determined as 3.56%. By substituting above effective 

porosity value in Eq. (4-5), the permeability of the early-age Class G cement at downhole condition 

was estimated to be 9.771×10-17 m2.  

 

4.4.3 Porosity and permeability validation 

4.4.3.1 Validation of porosity 

So far, all porosity values discussed above were obtained by processing of CT images. However, 

because of the existence of artifacts like rings or beam hardening, it is better to verify the calculated 

porosity using another method. The drying method is a convenient way to get the approximate 

value of the cement porosity. The weights of the cement sample were measured immediately after 

the curing process finished. Then the sample was marked, placed on a tray and placed into an oven. 

The oven temperature was set at 60 °C and weights of the cement sample was recorded as a 

function of time. The test was finished when the weight reaches a certain value and remained 

relatively constant. 
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Figure 4-15 Weight changes of the cement sample while drying. 
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Figure 4-15 shows the weight change of Class G cement sample as a function of time. The weights 

decreased rapidly during the first ten hours and then decreased slowly to a specific value and 

remained almost constant at the end. The difference in the initial and the final weight was 

calculated. As the weight difference, in this case, was due to the water loss, the difference gave us 

the water weight. Using the water density, the weight loss can be converted into water volume, 

which was assumed to be equal to pore volume. The total (bulk) volume of the cement sample was 

calculated using their dimensions and the geometrical shape. So the porosity was then calculated 

as the ratio of the pore volume to the bulk volume. Calculation details are shown in Table 4-3. 

 

Table 4-3 Porosity calculations. 

Cement 

type 

Volume of 

lost water 

Total 

volume of 

sample  

Total porosity 

from drying 

method 

Modified total porosity 

from drying method 

(Gallé, 2001) 

Total porosity from 

image processing of CT 

images 

Class G 69.80 mm3 375.38 mm3 18.59% 14.59% 11.89% 

 

The porosity obtained from the drying method is the total porosity and the values are greater than 

porosity values obtained from CT images. One major reason for this is the drying effect. The oven-

drying treatment altered the pore structure of cement sample increasing inter-connecting pores and 

thus created additional total porosity. From Gallé’s research (Gallé, 2001), about 4% of porosity 

is overestimated by using oven-drying treatment. As shown in Table 4-3, after considering the 

drying, 4% porosity modification was applied to porosity values of Class G cement.  

 

After the modification, there is still about 3% difference of the porosity values between modified 

total porosity and the ones obtained from image processing. A 2% porosity difference is commonly 

observed between CT image processing and conventional porosity testing method like helium 

porosimetry (Taud et al., 2005) or density analysis (Anderson et al., 2003). This porosity difference 

may come from the gel pores because around 80% of water in gel pores and interlayers will be 

removed after 3-day oven drying (60 °C) (Gajewicz et al., 2016b). The gel pores, however, cannot 

be captured by the micro-CT as their size are under the resolution of 2.64 μm. Hence the porosity 

calculated based on CT images is lower than the one obtained by the drying method. Moreover, in 

this research, the 3D model obtained using CT technique was further optimized to generate the 
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smooth CFD grid. Although a smooth CFD grid will improve the convergence of the CFD 

calculations (Ferziger and Perić, 2002), the smoothing operation indeed further increased the 

porosity difference (Iassonov et al., 2009).  

 

4.4.3.2 Validation of permeability 

Figure 4-16 shows the pore size distribution of the main 3D volume (Figure 4-6c) inside the cement 

sample. Based on the 3D cement model, the average pore size is about 7.37 μm and the smallest 

pore size that the micro-CT can detect is 3.21 μm. This distribution is also in line with the earlier 

observation by Diamond and Leeman (1994). Limited to the resolution of micro-CT, the gel pores 

cannot be captured by the micro-CT. The impact of gel pores on cement permeability has been 

intensively discussed. It is generally accepted the gel pores is part of low permeability phase in the 

cement (Cui and Cahyadi, 2001). Hearn et al. (1994) indicated that they are the capillary pores, 

which constitute the effective porosity (contributing to the permeability) of cement paste instead 

of gel pores. Ye (2005) and Haecker et al. (2005) pointed out that the fluid transport in cement is 

controlled by the capillary pores especially when capillary pores were connected. In summary, the 

gel pores contributed little to the cement permeability. 
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Figure 4-16 Pore size distribution of the main 3D volume. 
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Table 4-4 Permeability results of Class G cement from other published research. 

 Simulation data Ozyurtkan et al. (2013) Le-Minous et al. (2017) 

Cement type Class G Class G Class G 

Curing duration 7 days 7 days 7 days 

Curing temperature 50 °C 25 °C 66 °C 

Curing pressure 10 MPa ambient (~0.101 MPa)  21 MPa 

Permeability 9.771×10-17 m2 2.369×10-16 m2 8.882×10-18 m2 

 

Table 4-4 shows the permeability calculated from the simulation in Section 4.4.2 and permeability 

data from published experiment tests. In author’s opinion, the variation of permeability mainly due 

to the different curing conditions. Experiments by Pang (Enein et al., 2018; El-Gamal et al., 2018; 

Pang, 2011; Wang et al., 2017) indicated that the higher curing temperature and pressure would 

accelerate the hydration process of Class G cement. As the permeability was found to decrease 

with an increase in the degree of hydration (Banthia and Mindess, 1989), the permeability thus has 

an inverse relationship with the increasing curing temperature and pressure.  

 

The curing temperature and pressure used in this research are higher than Ozyurtkan et al. 

(Ozyurtkan et al., 2013) used, so the permeability is comparably lower. On the contrary, Le-

Minous et al. (Le-Minous et al., 2017) obtained even lower permeability by using much higher 

curing temperature and pressure. 

 

4.4.5 Porosity-permeability relationship of neat early-age well cement sample 

Discussed above, Figure 4-14 shows the porosity and permeability (poroperm) relationship of the 

well cement. In the real field applications, most of the injected cement is surrounded by formation 

rocks. Knowledge of the poroperm relationship of both well cement and the surrounding rock is 

essential before questions concerning the gas migration, the cement failure, and the imperfect 

bonding can be answered (Bonett and Pafitis, 1996). Poroperm characteristics of various rocks has 

been well-studied by researchers (Aguilera, 2014; Bloch et al., 2002; Cai et al., 2014; Dong et al., 

2017; S. N. Ehrenberg et al., 2006; Ehrenberg et al., 2006; Dizaji and Bonab, 2009; Givens et al., 
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1990; Jules et al., 2016; Kibodeaux, 2014; Mbia et al., 2014; Nagatomo and Archer, 2015). In 

order to provide further insight into the poroperm characteristics of well cement, we have used 

some of these published data to make an analogy between well cement and formation rocks. As 

shown in Figure 4-17, poroperm data of five types of common formation rocks: sandstone, 

limestone, dolostone, mudstone and shale (Aguilera, 2014; Bloch et al., 2002; Cai et al., 2014; 

Dong et al., 2017; S. N. Ehrenberg et al., 2006; Ehrenberg et al., 2006; Dizaji and Bonab, 2009; 

Givens et al., 1990; Jules et al., 2016; Kibodeaux, 2014; Mbia et al., 2014; Nagatomo and Archer, 

2015) are collected and compared with the poroperm data of Class G cement obtained from our 

CFD simulation study. 

 

Data presented in Figure 4-17 indicate that there are four distinct regions dominated by certain 

rock types (i.e. sandstone, limestone/dolostone, mudstone and shale). For early-age cement cured 

under downhole conditions, the poroperm data primarily resides within the sandstone region 

suggesting that the early-age cement exhibits porosity-permeability characteristics similar to low 

permeability tight sandstone (Lake, 2006). The Class G cement permeability varies from 9.87×10-

18 m2 (10-2 mD) to 9.87×10-16 m2 (100 mD). At cement (total) porosity ranges from 10% to 14%, 

the modeled cement permeabilities are higher than the shale and lower than the limestone or the 

dolostone. 
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Figure 4-17 Comparison of cement poroperm data with poroperm data of various formation rocks. 

 

The blue dash line in Figure 4-17 is the linear fitting curve of the poroperm data of cement. Because 

both the porosity and the permeability will decrease as a result of continuing hydration of the 

cement (Banthia and Mindess, 1989), the blue dash line in Figure 4-17 will eventually extend to 

the left-bottom corner and intersect the shale zone. This is consistent with the findings that with 

sufficient hydration time, the mature cement will increasingly behave like a shale, the lowest 

permeability flow media shown in Figure 4-18 (Fjaer et al., 2016; Loizzo et al., 2017; Powers, 

1954; Williams et al., 2009). 

 

Materials 
Permeability Range (m2) 

9.87×10-21 9.87×10-19 9.87×10-17 9.87×10-15 9.87×10-13 9.87×10-11 9.87×10-9 

Gravel        

Clean sand        

Silty sand        

Silt        

Clay        

Shale        

Sandstone        

Limestone        

Class G cement        

Figure 4-18 Permeability range of well cement and common rock types (modified from Brace (1980), and 

Wang and Narasimhan (1985)). 
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The data presented in Figure 4-17 also show that the permeability range of various rocks 

overlapped with each other. Similar results have also been reported by Brace (Brace, 1980) and 

Wang and Narasimhan (Wang and Narasimhan, 1985) (Figure 4-17). By comparing the 

permeability range of early-age well cement to the ones shown Figure 4-18, we can see that the 

cement permeability range also overlapped with shale, sandstone and limestone. However, the 

permeability range of neat early-age well cement samples is much narrower than formation rocks 

like shale, sandstone or limestone. The Class G cement is made from limestone and clay, and one 

interesting finding from Figure 4-18 is the permeability range of early-age Class G cement stays 

in the overlapping range between limestone and clay. 

 

4.5 Conclusions 

In this study, a new experimental/numerical approach is proposed which combines CT 

characterization and CFD modeling to investigate the permeability of neat early-age well cement 

sample. This approach provides a quantitative means to estimate porosity and permeability of 

representative volume elements selected from cement sample. The main findings are: 

 

1) For the CT scans performed on cement samples, quicker scan times and good seals can improve 

the quality of the CT images. Based on the computed tomography and 3D reconstruction technique, 

the realistic microstructure of the cement can be visualized and then modeled for fluid flow 

simulation. As the physical model in the simulation is much smaller than that used during the 

experimental measurement of cement permeability. The inlet pressure in the simulation should be 

adjusted accordingly to make sure that the flow is laminar and stable.   

 

2) At micron scale (2.64 µm), the non-uniform porosity distribution of cement samples makes the 

porosity and permeability vary at different RVE locations. The minimum RVE should be 

determined on a case-by-case basis. Analysis of RVE size effect shows that the porosity probably 

decreased from cement sample’s center to the cement sample’s edge. The characteristic effective 

porosity versus permeability correlation curve was generated to calculate the permeability of the 
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cement sample. The permeability of the early-age Class G cement at downhole condition was 

estimated to be 9.771×10-17 m2. 

 

3) Comparative study of the porosity and permeability of early-age well cement and formation 

rocks indicates the cement poroperm data are mainly comparable to tight sandstone. Comparisons 

also show that the early-age well cement has a narrower permeability range than formation rocks. 

The trend of cement linear fitting curve suggests that if the hydration process of neat early-age 

well cement sample continues, poroperm characteristics will approach those of shale.  

 

Future work will involve an experimental test of the permeability of cement cured under the same 

downhole condition. A major focus will be on the use of more powerful tools which can overcome 

the limit of handling large RVEs. Practically, the cement poroperm correlations should be used 

only for qualitative purposes. To obtain a more accurate correlation between the poroperm, a large 

number of data points should be collected with considering various physical factors such as 

irreducible fluid saturation, grain size distribution, grain shape, lithology, and mineralogy, etc.  
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Chapter 5 Quantifying the Impact of 2D and 3D Fractures on 

Permeability in Wellbore Cement after Uniaxial Compressive 

Loading  

 

5.1 Summary 

Stress-induced fractures in wellbore cement can form high-risk pathways for methane or carbon 

dioxide leakage yet little to no quantitative information on the impact of these fractures has been 

reported. To investigate this, scanning electron microscopy (SEM) and micro computed 

tomography (micro-CT) techniques were utilized to quantify the 2D and 3D geometrical 

parameters of cement fractures in mature thermal thixotropic cement samples that were subjected 

to pre- and post-peak compressive stress. A novel simulation method was also proposed to quantify 

the impact of the stress-induced realistic 3D fractures on the cement permeability.  

 

Results show that: i-) For pre-peak samples, 90% of the 2D fractures have length and width smaller 

than 100 μm and 5 μm, respectively. Although higher compressive stress reshaped the 3D fractures 

and increased the fracture length and width, no well-propagated fractures were observed; ii-) For 

post-peak samples, distinctly visible (> 0.1 mm) well-propagated fractures were generated but 

failed to penetrate the entire sample, therefore the effect of stress-induced fractures (up to 1.0% 

strain) on cement sample’s permeability is limited; and iii-) CT-based 3D visualization and 

simulation both show that inclusion of a correctly engineered fiber additive is able to blunt the 

fracture propagation in cement samples.  

 

We conclude that the fractures in cement matrix created by the monotonic compressive stress (up 

to the limit of uniaxial compressive strength, UCS), are not likely to form continuous leakage 

pathways. This is because the 2D fractures in cement matrix as shown by SEM images are in 

 
 This chapter was published as “Yang, X., Kuru, E., Gingras, M., Iremonger, S., Taylor, J., Lin, Z., & Chase, P. 

(2020). Quantifying the Impact of 2D and 3D Fractures on Permeability in Wellbore Cement after Uniaxial 

Compressive Loading. SPE Journal. https://doi.org/10.2118/198683-PA” 
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limited dimensions while the 3D fractures in cement matrix observed from CT-based 3D models 

have poor connectivity, generally indicating that leakage pathways of significant permeability 

would not form as a result of compressing the cement samples up to their UCS limit. Inclusion of 

a fiber additive is expected to enhance cement integrity by limiting the fracture propagation. 

 

5.2 Introduction 

As the main component of natural gas, methane has a global warming potential more than 70 times 

greater than carbon dioxide (CO2) over a 20-year period (Government of Canada, 2019). Upstream 

oil and gas industry facilities are Canada’s largest industrial emitters of methane, releasing 44% 

of the country’s total methane emissions (Government of Canada, 2019). Alberta is the main oil 

and gas producer in Canada and by far has the largest number of oil and gas wells in the country 

(∼75%). Fugitive emissions from oil and gas wells are a major contributor to uncontrolled methane 

release. The latest report from the Alberta Energy Regulator (Alberta Energy Regulator, 2018) 

showed that Alberta has an increasing trend of leaking wells, as shown in Figure 5-1. 
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Figure 5-1 The increasing trend of leaking wells in Alberta since 2000 (Alberta Energy Regulator, 2018). 

 

Understanding and mitigating leakage pathways is essential to minimize the impact of leaking 

wells on the environment. Various blends of Portland cement are generally used to provide well 
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integrity by sealing wellbores from hydrocarbon bearing formations. Good wellbore cementing is 

expected to provide structural support and zonal isolation throughout the life of a well, from well 

construction, through hydrocarbon production, to post-abandonment. Modern wells are subjected 

to complex external forces during their lifetime, such as thermally induced stresses in steam-

assisted gravity drainage (SAGD) wells or cyclic load due to multistage fracturing (Fjar et al., 

2008). These external loads have the potential to create stress-induced fractures and deformations, 

which may result in interconnected flow paths leading to increased permeability and potential gas 

leakage (Bonett and Pafitis, 1996; Skorpa and Vrålstad, 2018). An example of this is the hydraulic 

fracturing treatment for horizontal wells. Wellbore cementing is a significant process before the 

perforation. Stress-induced fractures would be generated after perforation and then fluid leakage 

would happen. The interactions among created fractures, other formation discontinuities and 

wellbore cement would give rise to the alteration of cement integrity and its corresponding 

permeability (J. Tang et al., 2019; F. Zhang et al., 2019). 

 

In spite of their importance for controlling the long-term integrity of the well, very little 

quantitative information is known about the nature of stress-induced fractures and their 

contribution to cement permeability. The importance of having quantitative information for stress-

induced fractures is not just limited to the control of methane leakage in production or abandoned 

wells, but also to the control of CO2 leakage in CO2 Capture and Storage (CCS) wells. Most of the 

previous research in this case has focused on the influence of CO2–cement chemical reaction on 

wellbore cement integrity (Carey and Lichtner, 2011; Garnier et al., 2010; Yalcinkaya et al., 2011). 

Self-healing is one of the outcomes of the CO2–cement chemical reaction, which can significantly 

affect the wellbore cement integrity. Recent studies indicated that the self-healing of wellbore 

cement depends on the fracture width (Abdoulghafour et al., 2013; Carroll et al., 2017).  

 

Quantitative characterization of the stress-induced fractures would facilitate an understanding of 

the interrelation between the fractures and the resultant permeability. Because the cement pore 

sizes show a wide range of variability, the dimensions of the fractures also range from nanometer 

to millimeter scales (Barnes and Bensted, 2002). Thus, no one imaging method can capture the 

entirety of the complex fracture geometries expected in wellbore cements. Scanning electron 
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microscopy (SEM) and X-ray computed microtomography (micro-CT) techniques have been 

widely used to observe fractures in cement paste (Attiogbe and Darwin, 1987; Panduro et al., 2017; 

Gallucci et al., 2007; Hlobil et al., 2016; Jung et al., 2013; Kabilan et al., 2016; Kutchko et al., 

2009; Shadravan et al., 2015; Stutzman, 2012; Torsæter et al., 2015b). For the first time in the 

literature, we report quantified geometrical parameters of 3D fractures in a cement matrix using 

micro-CT techniques and also determine the importance of SEM imaging and magnification on 

the 2D characterization of the fracture width and length. 

 

Once quantitative information about fracture geometry is determined, the next focus is establishing 

a relationship between stress-induced fractures and permeability. Information about the 

connectivity of the captured fractures would be highly affected by the resolution of the 

characterization equipment (Gallucci et al., 2007; Kabilan et al., 2016). Hence, any fractures 

beyond the resolution of the characterization equipment will be not captured. To overcome this 

limitation, a novel numerical simulation, the dual-domain model, was proposed. The new model 

not only considers the realistic microstructures of the cement matrix but also the geometrical 

features such as fractures, pores, flaws or grain boundaries beyond the resolution of the testing 

methods. 

 

The present study is aimed at improving the understanding of the influence of the compressive 

stress on the cement permeability, which is the primary factor pertaining to potential gas leakage. 

The experimental procedures on quantitatively characterizing stress-induced fractures and the 

novel dual-domain simulation method are described first. The effect of the compressive stress on 

the cement permeability and a possible solution for improving the cement integrity are discussed 

next by considering the 2D and 3D quantitative results of stress-induced fractures. 

 

5.3 Materials and methods 

5.3.1 Specimen preparation.  

Samples were prepared using Class G cement mixed with 40% silica flour (by weight of cement). 

The blend also contained a typical additive package used in oil and gas well applications, which 



 

98 

 

include expansion, accelerator, fluid loss, free water control, dispersant and anti-foam agents. 

Notably, all these additives were minor components (<2% each) relative to that of the bulk. The 

water/cement ratio of the samples was 0.48. The cement slurry was transferred to a 50.8 mm 

(diameter) × 101.6 mm (height) plastic cylindrical mold and then was placed into the curing 

chamber. Samples were cured overnight at 15 MPa under ambient temperature conditions (~22 °C). 

Subsequently, the temperature was ramped to 50 °C for an additional 6 days to accelerate curing. 

Finally, the samples were cooled to room temperature overnight (8 days total). Images of the curing 

chamber as well as other experiment apparatus used in this research can be found in Figure 5A-1 

in Appendix A. 

 

5.3.2 Uniaxial compression tests 

After curing, cylindrical samples were machined using a diamond surface grinder to produce 

samples with two flat, parallel surfaces (± 0.1 mm tolerance) free of surface defects. Dimensions 

of the ground samples were about 100.0 mm in length and 50.0 mm in diameter. Uniaxial 

compression tests were conducted using a GCTS RTX-1000 testing system. Axial and radial 

strains were measured using a combination of linear variable displacement transducers (LVDT). 

The sensitivity of the LVDT was ± 0.1 μm.  

 

A 0.05% strain/minute deformation rate was maintained during the test. The strain-controlled 

mode was employed to avoid uncontrolled failure while reaching the maximum compressive 

strength. The test duration was 12–20 minutes and the stress and strain data was collected 

throughout the test.  

 

5.3.3 2D fracture characterization by the SEM technique.  

Thin sections of the cement samples (Figure 5-2a) were prepared at the thin section lab of the 

University of Alberta. One limitation of SEM technique is that the cement internal structure can 

be affected during SEM sample preparation. This limitation has been thoroughly discussed and a 

practicable method proven to induce minimum damage was used to prepare cement thin sections 

for SEM examination (Bisschop and van Mier, 2002; H. Zhao and Darwin, 1992). Thin slices were 
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removed with a circular saw from the cement pieces along the longitudinal direction using ethanol 

as lubricant. For thin sections, the mounting faces were flattened first. Then, epoxy impregnation 

was applied after the samples were dried. Finally, excess sample material was trimmed off and the 

sample was lapped to its final thickness of 900 μm.  

 

Since cement is a non-conductive material, the cement thin sections were coated with carbon to 

make them conductive. SEM images were then obtained using Zeiss Sigma Field Emission SEM 

equipment. Figure 5-2 illustrates the process of the 2D fracture characterization. To ensure an 

accurate representation of the sample, consistency and veracity of the measurement results, the 

following guidelines were strictly adhered to.  

 

For each thin section (Figure 5-2a), SEM images were captured under six different magnifications 

(39, 156, 625, 1250, 2500, 10000×) and at eight different locations to minimize the impact of local 

defects and acquire more representative data (Figures 5-2b and c). A total of 384 SEM images 

were obtained and analyzed. At each selected location, the SEM images were captured starting at 

lower magnification and moving to higher without changing the center of the focus (example 

images can be found in Figure 5A-2). Pores were also included in the fracture measurements as 

there is no clear standard technique to differentiate the pores from the fractures, especially when 

their dimensions are similar, such as with crack-like pores (Kendall et al., 1983) and shrinkage 

cracks (Grassl et al., 2010). 

 

Fractures were measured manually using ImageJ (Schneider et al., 2012), a well-known open-

source image analysis software. To determine the dimensions of the fractures, free-hand lines were 

drawn on the observed fractures in the SEM images (Figure 5-2d). After setting the scale according 

to magnification of each SEM image, the length of each fractures could be calculated automatically 

(Figure 5-2e). While the inherent measurement error in SEM is approximately 3%, the actual error 

value depends on the resolution of the measurements. The resolution range of SEM measurements 

varied from 2.86 μm to 0.01 μm. Since SEM images were obtained under various magnifications, 
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the error of the lowest useful magnification (156×) of 0.02 μm was used to represent the error of 

all SEM images.  

 

 

Figure 5-2 Illustration of the 2D fracture characterization process. 

(a) cement thin sections. (b) scanned areas (blue) in each cement thin section. (c) scale of SEM images under 

different magnifications. (d) SEM image obtained under 625× magnification. (e) 2D fratures were labeled and 

numbered. 

 

5.3.4 3D fracture characterization by micro-CT scan technique 

Pre-peak cement samples were prepared by quartering the cylinders from the uniaxial 

compressions tests using a diamond saw and scanned using a SkyScan 1172 micro-CT scanner. 

The cylindrical samples were machined using a diamond surface grinder to produce samples with 

two flat, parallel surfaces for uniaxial compression test. To minimize the effect of the machining 

of cement end surfaces on the cement microstructure analyses, we only scanned the middle section 

of the cement samples. High energy X-rays are needed for the scan as cement samples were 

considered as high-density material. The adjustment of energy of the X-rays can be achieved by 

changing scan filters. A copper plus aluminum filter (Cu + Al) was selected for the CT scan to 

improve the contrast of CT images and also to reduce the beam hardening artifact. Flat field 

correction and alignment tests were performed before the CT scan. These two operations would 
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make sure that the CT images have high contrast with less noise. Detailed scan parameters used 

for CT characterization are summarized in Table 5-3. 

 

X-ray shadow projection images were generated first during the scan process. Once the CT scan 

was finished, NRecon software was used to reconstruct cross-sectional images from X-ray shadow 

projection images according to the Feldkamp algorithm (Bruker, 2013). A few reconstruction 

parameters have to be adjusted manually in a trial-and-error fashion to correct the beam hardening, 

ring artifacts, and provide alignment optimization.  

 

Table 5-1 The scan parameters used for CT characterization. 

Scan parameters Value 

Acquisition time (min) 50  

X-ray beam form cone beam 

Total number of projections 486 

Total number of cross-sectional images 987 

Source voltage (kV) and current (uA) 100, 100 

Scan filter Al + Cu 

Rotation step (degree) 0.4 

Resolution (μm) 16.87 

 

After reconstruction, volume data sets of 33.74 × 33.74 × 17.14 mm3 with a resolution of 16.87 

μm were obtained. The CT data was then imported into SimplewareTM, a commercial 3D 

visualization and analysis software, for image segmentation. Gaussian deconvolution, which was 

proven as an effective threshold segmentation method for identifying the different phases in CT 

images of cement (Bossa et al., 2015; Němeček et al., 2011), was used to extract the 3D cement 

fractures from the gray-scale CT images. Prior to segmentation, Gaussian filter and gradient 

anisotropic diffusion filter (Pang et al., 2017) were applied to smooth the noise in CT images. 3D 

geometrical parameters of each individual 3D fracture were calculated to determine how the 

cement microstructure changed due to the uniaxial compressive loading. These 3D geometrical 

parameters collected were the fracture length and, the fracture width as well as the 3D shape factor 

(Devarrewaere et al., 2015).  
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5.3.5 The dual-domain model 

CT-based 3D simulation techniques have recently been used to investigate the mechanical and 

transport properties of cement paste (Das et al., 2016; Kabilan et al., 2016; Kjøller, Torsæter, et 

al., 2016; Yang et al., 2019). Handling and cognizance of the multiscale characteristic of the 

cement structures are critical to the accuracy of the CT-based 3D simulation. A multiscale model 

which characterizes the cement paste at different levels individually has been built to study the 

mechanical properties of the cement paste (Hlobil et al., 2016; Hongzhi Zhang et al., 2017). 

However, there still remains a challenge to simulate bulk cement transport properties. Considering 

the more realistic multiscale characteristic of the cement microstructures, a dual-domain transport 

simulation method is, therefore, used in this study.  

 

Cui and Cahyadi (2001) (Cui and Cahyadi, 2001) presented a bicomposite model to predict the 

permeability of the cement paste. In their model, cement paste consists of two phases. One phase 

is the relatively high-permeability phase, like capillary pores, and the other is a relatively low-

permeability phase, such as unhydrated cement particles as well as crystalline and amorphous 

hydration products. The dual-domain model proposed here is conceptually similar to bicomposite 

model. However, there are some major differences between these two models on how they are 

used to predict the permeability of materials with multi-scale characteristics. The bicomposite 

model is an analytical model, which is utilized to calculate the cement permeability based on the 

mercury intrusion porosimetry measurements. However, the dual-domain model used in this study 

is a numerical model based on finite volume method, which calculates the cement permeability 

based on the CT-based cement microstructures. 

 

The simulated flow in the dual-domain model can be described by the Navier-Stokes equation, 

whose vector formula is given as follows: 

𝜌 [
𝜕𝝊

𝜕𝑡
+ (𝝊 ∙ ∇)𝝊] = 𝜌𝒇 − ∇𝑝 + 𝜇∇2𝒗    Eq. (5-1) 

where the left side of Eq. (5-1) is the inertial term, 𝜌𝒇 on the right side is the body force term, ∇𝑝 

is the pressure gradient, and 𝜇∇2𝒗 is the viscous term (Ferziger and Perić, 2002). The simulated 

flow through cement body was assumed to be steady state, fluid is incompressible, and the gravity 
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effect is negligible. Under these assumptions, inertial and body forces can be neglected. Hence the 

Navier-Stokes equation in Eq. (5-1) can be simplified into Darcy equation Eq. (5-2): 

𝑞 = −
𝑘

𝜇
(∇𝑝)      Eq. (5-2) 

Based on the model presented in Eq. (5-2), the pressure differential ∇𝑝  drives the flow and, 

therefore, controls the flow velocity. In our analyses, the steady state flux 𝑞 and its corresponding 

∇𝑝 were first extracted from the simulation results. As the flow rate q, the fluid viscosity 𝜇 and 

pressure ∇𝑝 are known, the permeability 𝑘 could then be calculated. 

 

The first advantage of the dual-domain model is that it can represent the multiscale nature of the 

cement microstructure. Figure 5-3 shows the difference in fluid flow results between the dual-

domain simulation used here and a traditional single-domain simulation (Kabilan et al., 2016; 

Kjøller, Torsæter, et al., 2016). Because of the multiscale characteristic of the cement 

microstructure, some small pores and fractures can not be captured by micro-CT investigations 

since their size is beyond the resolution of the technique. Therefore, these small pores and fractures 

are normally ignored in the single-domain simulation (Figure 5-3b). These structures are named 

as the porous domain in the dual domain simulation (Figure 5-3c). The porous domain is 

conveniently used to model the smaller cement characteristic features such as pores, flaws or grain 

boundaries that can not be practically resolved or discretized because they would require an 

impossibly fine grid. 

 

The second advantage of the dual-domain model is that the model can be used to quantify the flow 

impact of seemingly-isolated fractures on the entire sample. We use the term ‘seemingly-isolated 

fracture’ to refer to the fractures that are isolated at the resolution of the micro-CT scanner used in 

our analyses. In reality, the seemingly-isolated fractures will be permeable if they are connected 

to a permeable media (i.e. porous domain). Simulation results discussed in later sections show that 

the seemingly-isolated fractures still affect the cement permeability. The fracture geometry of a 

cement paste (Figure 5-3a) is captured non-destructively by using the CT image analysis technique. 

The fracture geometry is treated as a relatively high-permeability phase and set as a fluid domain 

when running the simulation.  
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Finally, the dual-domain model can be utilized for mechanical property simulation. As the primary 

interest of this study is identification of potential leakage pathways, the dual-domain model 

application is limited to fluid transport simulation. The limitation of the dual-domain model is that 

the simulation requires the porosity and permeability of the porous domain (cement matrix), which 

need to be experimentally measured before performing the numerical simulation. Detailed dual-

domain simulation parameters are summarized in Table 5A-1. For the application of CT-based 3D 

simulation of the fluid transportation in a cement matrix, full details of the developed methodology 

and implementation have been previously reported (Yang et al., 2019). 

 

 

Figure 5-3 Comparison of the single-domain simulation and the dual-domain simulation. 

(a) fracture geometry. (b) result of fluid flow using single-domain simulation. (c) result of fluid flow using dual-

domain simulation. 

 

5.4 Results and discussions 

5.4.1 Compression testing and micro-CT/SEM imaging.  

Uniaxial compression tests were performed to determine the stress-strain behavior of the cement 

samples, which is depicted in Figure 5-4. Sample A, a control sample, was not exposed to any 

compressive load, representing the cement structure under unstressed conditions. Samples B and 
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C were loaded to a uniaxial compressive stress of 11.12 MPa and 15.86 MPa, respectively. For 

Sample C, the (peak) strain was recorded as 0.66% under the stress equivalent to uniaxial 

compressive strength (UCS=15.86 MPa). Samples B and C were categorized as pre-peak samples 

in this study. Two samples were compressed beyond the peak strain level of 0.66%. These two 

samples, Samples D and E, were compressed up to 0.82% and 1.02% strain levels, respectively, 

and were categorized as post-peak samples. Note that all cement samples were loaded using the 

same axial strain rate. For the post-peak samples, the recorded compressive stress was reduced 

from the peak levels to 15.56 and 10.47 MPa for Samples D and E, respectively. 
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Figure 5-4 Stress-strain curves of the five samples obtained by the uniaxial compression test. 

 

After uniaxial compressive loading, the samples were initially characterized using micro-CT, 

which is currently the only mature method allowing for non-destructive investigation of the interior 

3D microstructure cement paste. Figure 5-5 illustrates the process of the 3D fracture 

characterization. The resolution of the micro-CT technique was limited by sample size, which must 

be small enough to acquire high resolution CT images. However, larger samples, as shown in 

Figure 5-5a, tend to give more representative results by minimizing size effects (Su et al., 2015). 

In addition, larger samples are easier to prepare and test. Here, a compromise was made with the 
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pre-peak samples: prepare larger samples for uniaxial compression testing and subsequently cut 

them into smaller pieces for the CT scan tests (Figure 5-5b).  

 

 

Figure 5-5 Illustration of the 3D fracture characterization process. 

(a) cement sample. (b) cement pieces after sawing. (c) a cross-section CT image of a cement piece. (d) 

reconstructed 3D model of a cement piece. (e) extracted cement pores and fractures. (f) colored pores and 

fractures for identification purpose. (g) an enlarged view of (f). (h) fracture length and width measurement on 

an individual fracture. 

 

SEM was commonly used together with micro-CT to characterize materials which have multiscale 

microstructures such as coal, rock and cement (Ramandi et al., 2016, 2017; Vrålstad et al., 2016). 

This is because the resolution of the micro-CT is significantly influenced by the sample size. In 

this case, the SEM was used to capture the smaller cement characteristic features such as  pores, 

flaws or grain boundaries beyond the resolution of the micro-CT. SEM technique has previously 

been used for analyzing 2D fractures in cement paste by  Attiogbe and Darwin ( 1987), Ammouche 

et al., (2000), Wong et al., (2012) and other researchers. The fracture geometrical parameters (i.e. 

length, width, and shape factor) are usually measured at a certain magnification. However, results 

of the fracture measurements can substantially vary depending on the magnification used during 

the observations, mainly because of the heterogeneous and multiscale characteristics of the cement 
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paste microstructure. Taking these factors into account, it was found that the preferred 

magnification for SEM analysis was 156× to 625×, see Appendix B, which covers a wide range of 

structure dimension from 11 nm to 3 mm. A full discussion on impact of magnification range is 

presented in the supplementary information. SEM images obtained at 1250× magnification allow 

for comparison to previous studies on fracture density, the length of the fractures per unit area 

(Attiogbe and Darwin, 1987). 

 

5.4.2 2D and 3D fracture data in pre-peak stress samples.  

To quantify the relationship between fracture data and pre-peak stress, compatible measures which 

can be applied to both 2D and 3D fracture data needed to be identified. This is due to the 

differences in magnification levels used to obtain the SEM and micro-CT data. Here, the fracture 

length and width distribution at different pre-peak stress levels were analyzed as both of these 

parameters could be calculated from the 2D and 3D analyses.  

 

Figure 5-6 depicts the length and width distribution for the 2D and 3D fracture data. Using this, 

the D50, a statistical measure where 50% of the measured data is smaller than this value, was 

extracted and D50 values are summarized in Table 5-2. For 2D fractures, the maximum observed 

fracture length was longer than 200 μm, however, more than 90% of the fracture lengths were 

shorter than 50 μm. As such, the histograms and the cumulative curve plots, shown in Figures 5-

6a and b, respectively, were only focused on the fracture length distribution ranging between 0 and 

50 μm. The 2D fracture width, shown in Figures 5-6c and d, also exhibited a wide distribution 

range but more than 90% of the fractures were smaller than 5 μm and thus, the width distribution 

analyzed was 0 to 5 μm. 

 

Table 5-2 Summary of geometrical parameters of 2D and 3D fractures in uniaxially compressed (pre-peak) 

cement samples. 

Sample 
Stress 

(MPa) 

Percentage of 

Uniaxial Compressive Strength 
3D Shape Factor 

2D Fracture (μm) 3D Fracture (μm) 

Length Width Length Width 

Sample A 0 0 1.05 1.74 0.220 75.65 44.14 

Sample B 11.12 70 1.12 2.48 0.345 77.07 44.67 

Sample C 15.86 100 1.13 3.05 0.275 80.78 46.17 
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As shown in Figure 5-6 and Table 5-2, D50 values of the length and width generally increased 

with increasing compressive stress for both 2D and 3D fractures, indicating that the average size 

of the fractures increased with the increasing compressive stress. In other words, higher 

compressive loads caused fracture propagation or simply created more fractures, which is in line 

with the results from a previous study (Spooner et al., 1976).  
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2D fracture length                   (a) Histograms                                                              (b) Cumulative curves 
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2D fracture width                    (c) Histograms                                                                (d) Cumulative curves 
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3D fracture length                 (e) Histograms                                                                  (f) Cumulative curves 
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3D fracture width                      (g) Histograms                                                                 (h) Cumulative curves 

Figure 5-6 Fracture length and width measurement results based on the 2D and the 3D analyses of pre-peak 

cement samples. 

 

One unanticipated finding was that the D50 of width in Sample B obtained from 2D fracture data 

was higher than that of Sample C. While there are few published research results directly showing 

how the 2D surface fracture geometry of cement changes with increasing compressive stress, 

related research aided in indirectly explaining this finding. Saito and Ishimori. (1995) observed 

that the permeability of cementitious material decreased with the increasing compressive stress. 

Generally, both the fracture length and the width are expected to affect the permeability (Hoseini 

et al., 2009). The results from this study and others (Lim et al., 2000) show that fracture length 

generally increases with the increasing compressive stress. However, the change in fracture width 
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is not a monotonic function of the increasing compressive stress. Here, the fracture width first 

increased with increasing compressive stress from 0 to 11.12 MPa and it then decreased when the 

compressive stress further increased from 11.12 MPa to 15.16 MPa. Therefore, the permeability 

decrease with the increasing compressive stress reported by Saito and Ishimori. (1995) could 

potentially be caused by the change of the fracture width rather than the change of the fracture 

length. 

 

5.4.3 3D geometrical parameters vs. pre-peak stress.  

The 3D geometrical parameters vs. compressive stress data are shown in Figures 6e to 6h and also 

summarized in Table 5-2. Due to the relatively low resolution of the micro-CT scan, the first half 

of the cumulative curves are not as smooth as the 2D scans. The lowest resolution used for 

obtaining SEM images was 2.70 μm, which was still higher than the resolution of the micro-CT 

(16.87 μm). Therefore, the observed 3D fractures from CT-scans mainly consisted of large 

capillaries and air voids, which are substantially larger than the fine fractures observed in 2D SEM 

images. As a result, the D50 of 2D and 3D fractures are significantly different. While compressing 

the cement sample, the large capillaries and air voids (acting as inherent flaws) may promote 

fracture propagation. In order to characterize the fracture geometry, the 3D shape factor is also 

used, which is equal to 1/sphericity3. The sphericity of an entity is defined as the ratio of an area 

of an entity to the area of a sphere, which has the same volume as the entity. Hence, the shape 

factor is equal to 1 for a perfect sphere. As shown in Table 5-2, the shape factor of 3D fractures 

also increased with the increasing compressive stress.  

 

The increases in the 3D fracture length, width and the shape factor reveal that the applied 

compressive stress caused fracture propagation and reshaped the fractures. However, up to 

maximum compressive stress, no well-propagated fractures were found in pre-peak samples. 

Figure 5-7a and b show the cutting faces of Sample C and indicate that no visibly detectable 

fractures (>0.1 mm) can be observed from the cutting faces. Figures 7c to f show the CT images 

and 3D models of the cut sections of Sample B and C. On the micron scale, no well-propagated 

fractures were found in the pre-peak samples. In total, these findings suggest that the impact of 

pre-peak stress on cement integrity is quite limited.  



 

111 

 

 

It has been reported that the size, shape and distribution of the flaws initially present in the cement 

matrix and the magnitude of the applied load have significant effects on fracture propagation 

(Fossen, 2010; Lawn and Evans, 1977). Based on the analysis presented here, only limited fracture 

propagation was observed, even the cement sample was compressed to the uniaxial compressive 

strength. As suggested by an earlier study (ACI Committee 224, 2001), the cement paste is a 

nonlinearly deforming material, which can sustain a substantial amount of damage within the paste. 

A previous experimental study (L. Martin et al., 1991) demonstrated that damage in cement paste 

could be locally distributed without forming a continuous failure. In some special cases, the failure 

did not manifest itself until the pore structure was completely destroyed (Xie et al., 2008). Even 

though our experimental conditions are disparate from realistic wellbore conditions, recent 

research using triaxial tests also indicated that the impact of compressive loading on the bulk was 

very limited as the formation of well-propagated fractures was not observed (J. William Carey et 

al., 2014). After reaching the yielding stress, the wellbore cement samples either generated some 

small fractures followed by continuous deformation or simply plastically deformed. An abrupt 

stress drop normally indicates failure of a material. However, a recent experimental study (Sakai 

et al., 2016) has shown that under confining pressure conditions, an abrupt change in stress does 

not necessarily cause the formation of macroscopic fractures. 

 

 

Figure 5-7 Cutting faces, CT images and 3D fractures of the pre-peak samples. 



 

112 

 

(a) Vertical cutting face, Sample C; (b) horizontal cutting face, Sample C; (c) CT image, cut section of Sample 

B; (d) 3D model, cut section of Sample B. (e) CT image, cut section of Sample C; (f) 3D model, cut section of 

Sample  

 

5.4.4 Effect of post-peak stress on cement permeability.  

Further compression above the maximum compressive strain resulted in visual observation of 

well-propagated fractures (>0.1 mm). Due to the presence of the large defects and to maintain the 

integrity of the remaining sample, CT scans was conducted for the full-size post-peak samples. 

Figures 5-8a and b show reconstructed 3D fractures. The largest observed fracture based on 

maximum fracture volume in Sample D had dimensions of 42.92 by 10.35 mm, whereas the largest 

fracture in Sample E was 71.12 by 40.26 mm. Both post-peak cement samples exhibit similar 

failure modes. In the horizontal plane, the fractures were propagated along the tangential direction 

in close proximity to the samples’ lateral surface. In the vertical direction, the fractures failed to 

penetrate the entire cylinder and therefore still categorized as seemingly-isolated fractures.  

 

The resolution of the micro-CT images used to reconstruct the 3D fractures is 17.20 μm and 

therefore, the observed seemingly-isolated fractures may be connected by other smaller cement 

characteristic features such as pores, flaws or grain boundaries. Therefore, the dual-domain 

simulation model was utilized to evaluate the impact of these large seemingly-isolated fractures 

on the cement permeability. The 3D models shown in Figs 8a and 8b can not only be used for 3D 

visualization, but also to provide the realistic physical geometry, which plays a vital role in 

computational fluid dynamics simulation. Based on these 3D models, we established the dual-

domain model containing the realistic stressed-induced fractures (fluid domain). The 

experimentally measured permeability of the control sample, Sample A, is 0.1 mD and is set as 

the permeability of the cement matrix (porous domain). Both the upstream and downstream 

portions of the domain were extended to avoid creating unrealistic streamlines. The direction of 

the simulated flow is parallel to the compressive loading direction (from the top to the bottom in 

Figure 5-8). Sample dimensions, D50 of the observed fracture lengths, and permeability values 

obtained after the simulation are summarized in Table 5-3. Visualization of the simulation results, 

including the streamlines in each model, are shown in Figure 5-8. 



 

113 

 

 

 

Figure 5-8 3D reconstruction results and simulation streamline of the post-peak samples. 

Each cylinder sample were divided into seven segmentations and scanned individually. The dark rings in the 

cylinder lateral surface are artifacts generated during assembly of the segmentations into to a full-size cylinder. 

The color map represents velocities of the streamlines. 

 

Due to the existence of the seemingly-isolated fractures, the direction of some streamlines in 

Sample D and E was altered. The heterogenous cement fractures leads to the heterogenous velocity 

field (Muljadi et al., 2016). As can be seen from Figure 5-8, there are some high velocity regions 

which were formed while the heterogenous 3D flow geometry giving rapid flow into large fracture 

spaces (J. Zhang et al., 2018). 
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Table 5-3 Permeability and fracture dimensions of the uniaxially compressed (pre and post-peak) cement 

samples. 

Sample 
Poisson's 

Ratio 

Young's 

Modulus 

(GPa) 

Strain 

(%) 

Stress 

(MPa) 

D50 of Fracture 

Length (mm) 

Permeability of the Scanned 

Section (mD) 

Sample A - - 0 0 0.07 0.10 

Sample B 0.20 6.90 0.19 11.12 0.07 0.10 

Sample C 0.20 6.37 0.66 15.86 0.08 0.10 

Sample D 0.16 5.52 0.82 15.56 0.22 0.11 

Sample E 0.14 5.54 1.02 10.47 0.21 0.21 

 

For the purpose of gas migration, the larger visible fractures would contribute the most to the 

permeability rather than the cement matrix. However, since these fractures in Samples D and E are 

seemingly isolated, the permeability only increased by 0.01 mD and 0.1 mD, respectively. Thus, 

the effect of post-peak stress on the cement permeability seems to be limited under the strain 

conditions investigated. Table 5A-2 presents the most common casing/wellbore dimensions used 

in the field and the corresponding cement sheath thicknesses. It is notable that D50 values of 3D 

fracture lengths (Table 5-3) are significantly smaller than the cement sheath thicknesses reported 

in Table 5A-2.  For example, Sample D has the largest D50 of 3D fracture length (0.22 mm), which 

is much smaller than the minimum cement sheath thickness of 22.22 mm in production section, 

shown in Table 5A-2. Results from this comparison further supports the conclusion that fractures 

formed within uniaxially compressed cement samples are very likely to be confined within the 

cement body ( i.e. isolated fractures) and may not lead to significant leakage pathways. 

 

These results can be explained by the Katz-Thompson permeability theory (Katz and Thompson, 

1986) which describes the fluid permeability as a function critical pore diameter (which is related 

to the microstructure of materials). This is different from Darcy’s law, which calculates the 

permeability based on the measured pressure gradient and the flow rate. The critical pore diameter 

is the smallest pore size of the effectively connected pores. The critical pore diameters for cement 

matrix have been reported to be less than 5 micron (Christensen et al., 1996). Since the resolution 

of the CT scanner used in this study (16.87 μm) is not high enough to capture the critical pore 

diameter of wellbore cement (< 5 μm), no through-going fractures were observed in the post-peak 
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samples. Therefore, in this case the main contribution to the cement permeability comes from the 

cement matrix (porous domain). As a result, the seemingly-isolated fractures have limited effect 

on the permeability change unless they are able to penetrate the entire sample. 

 

5.4.5 Improvement to cement performance via addition of fibers.  

Previous results (Iremonger et al., 2015) have shown that fiber additives can significantly improve 

the ultimate failure strength of the samples under tensile load without sacrificing any other 

performance parameters. A recent study (Iremonger et al., 2017) also pointed out that fibers can 

limit crack propagation and dissipate the energy through a fiber pull out mechanism. Two fiber 

containing samples were prepared under identical conditions and incorporate 0.25% fibers by 

weight of the blend. After curing, the two fiber containing samples, F1 and F2, were compressed 

to the same strain level as the post-peak samples D and E, respectively. The stress and strain curves 

are shown in Figure 5-9 and 3D reconstruction and simulation results are shown in Figure 5-10. 
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Figure 5-9 Stress-strain curve of the fiber containing samples obtained by the uniaxial compression test. 

 

As detailed in Figure 5-9, the stress decrease was slower and less overt at higher strain compared 

to the post-peak samples, which decreased rapidly after reaching the maximum compressive stress. 
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This indicates that the fiber containing samples are more ductile than the unmodified post-peak 

samples. As shown in Figure 5-10, fewer fractures are observed in fiber containing samples under 

the same strain conditions. The largest fracture in Sample F1 is 0.76 by 0.22 mm, whereas the 

largest fracture in Sample F2 is 5.85 by 1.69 mm. In addition, the observed fracture propagation 

in Samples F1 and F2 is very limited, in line with the findings reported by Iremonger et al. (2017) 

indicating that fiber additives reduce crack propagation.  

 

 

Figure 5-10 3D reconstruction results and simulation streamline of the fiber containing samples. 

 

The dual-domain models were also established based on the full-size 3D models and the simulation 

streamlines are shown in Figure 5-10. Fracture dimensions and permeability values obtained after 

the simulation are summarized in Table 5-4. Remarkably, the permeability of fiber containing 

Sample F2 was 0.1 mD lower than Sample E, which was contained no fiber, under the same strain. 

The simulation results support those of Iremonger et al. (2017) in that a fiber additive is expected 

to enhance the cement integrity by mitigating the leakage pathways through limiting fracture size 

and propagation. 
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Table 5-4 Permeability and fracture dimensions of the fiber containing samples. 

Sample 
Poisson's 

Ratio 

Young's 

Modulus (GPa) 

Strain 

(%) 

Stress 

(MPa) 

D50 of Fracture 

Length (mm) 

Permeability of the 

Scanned Section (mD) 

Sample F1 0.20 5.78 0.82 17.24 0.06 0.11 

Sample F2 0.17 5.83 1.02 15.28 0.06 0.11 

 

5.5 Conclusions 

The presented study demonstrates that the monotonic compressive stress (up to 1.0% strain) is 

unlikely to create significant leakage pathways in wellbore cement. Under pre-peak stress loading 

conditions, most of the observed 2D fractures are smaller than 5 μm, which can be self-healed 

through calcium carbonate precipitation (Abdoulghafour et al., 2013; Carroll et al., 2017; Jung et 

al., 2014). In addition, no well-propagated fractures were observed even though higher pre-peak 

stress reshaped the 3D fractures and increased the fracture length and width. Based on these 

findings, the fractures generated by the pre-peak stress does not increase the permeability of the 

cement and thus, is not a contributing factor to the formation of leakage pathways.  

 

Once the compressive stress exceeds the uniaxial compressive strength, the higher strain will lead 

to considerable fracture propagation. However, these larger well-propagated fractures observed in 

the post-peak cements failed to penetrate the entire sample and therefore, still have have poor 

overall connectivity. In the dual-domain simulations, the calculated permeabilities were similar, 

again indicating poor communication between the large fractures and, thus, their contribution to 

bulk cement permeability is also found to be very limited. Addition of a fiber additive to post-peak 

stress cements was found to mitigate the number and size of the stress-induced fractures, giving a 

more robust structure through blunting of fracture propagation under these conditions. In addition, 

the permeability of the highest strained fiber containing sample was reduced compared to the non-

fiber cement and is comparable to the values of the lower strain samples. 

 

The proposed 2D and 3D fracture analysis methods give insight into a potential process to 

quantitatively characterize the stress-induced fractures in bulk cement. Currently, we are 

expanding this work to image and model the interface regions. Future studies will investigate 

fracture development or micro-annulus formation in cement paste under more realistic conditions 
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(i.e. triaxial condition) and will consider, for example, the effects of cyclic loading on the cement 

microstructure and the quality of the wellbore cement/steel or cement/formation interfaces. Such 

efforts are likely to result in a better understanding of the factors influencing the gas leakage from 

oil and gas wells, which will be useful for fulfilling Canada’s plan to reduce its greenhouse gas 

emissions to 30% below 2005 levels by the year 2030 (Government of Canada, 2018). 

 

5.6 Appendix A-Supplementary figures and table 

 

Figure 5A-1 Experimental set-up used for curing, uniaxial compressive stress testing and characterization of 

cement samples. 

(a) Ametek-Chandler 7375 pressure curing chamber. (b) GCTS RTX-1000 triaxial testing system. (c) Zeiss 

Sigma 300 VP-FESEM used for 2D cement fracture characterization (d) Bruker Skyscan 1172 CT scanner used 

for 3D cement fracture characterization. 
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39× 156× 625× 

   

1250× 2500× 10000× 

Figure 5A-2 Examples of SEM images captured at different magnifications. 

SEM images were captured from the lower magnification to the higher magnification without change the center 

of the focus. This cement thin section was extracted from the Sample B. 

 
Table 5A-1 Key parameters of the dual-domain simulation. 

Parameter Value 

Simulation Type Steady Simulation 

Simulation Precision Double Precision 

Fluid Type Air at 25ºC 

Fluid Density 1.185 kg·m-3 

Fluid Viscosity 1.831×10-11 MPa·s 

Domain Type Fluid Domain and Porous Domain 

Porous Domain Permeability 9.869×10-17 m2 (0.1 mD) 

Heat-transfer Model Isothermal Model (25 ºC) 

Time Scale Automatic Time Scale 

Initial Velocity U=0, V=0, W=0.01 (m·s-1) 

Inlet Boundary Total Pressure: 0.096, 0.103, 0.110, 0.118, 0.125 and 0.133 MPa 

Outlet Boundary Static Pressure: 0.088 MPa (Local Atmospheric Pressure) 

Wall Boundary No-slip Wall 

Interface Model Conservative Interface Flux 
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Note: U, V and W are the velocity values of fluid in the X, Y and Z directions in the Cartesian coordinate system. 

 

Table 5A-2 Common well geometries and the associated cement sheath thickness values. 

Components 
Realistic Well Cement Thickness 

inches millimeter inches millimeter 

Surface Section 
Bit size 16.00 406.40 

1.31 33.33 
Casing OD 13.37 339.72 

Intermediate Section 
Bit size 12.25 311.15 

1.31 33.33 
Casing OD 9.62 244.47 

Production Section 
Bit size 8.75 222.25 

0.875 22.22 
Casing OD 7.00 177.80 

 

5.7 Appendix B-Discussion on SEM magnification vs. 2D fracture density 

Due to the multiscale characteristic of the cement fractures, we need to select a certain scale before 

investigating the quantitative relationship between the fractures and pre-peak stress. Figure 5B-1 

shows that the 2D fracture densities at different locations (Figure 5-2b) all increased with 

increasing SEM magnifications. This is a normally expected trend, which can be explained by a 

simple derivation given as follows: 

 

We assume that M is the total length of fractures in an area whose size is N. So according to the 

definition, the initial fracture density F1 is, 

F1 =
M

𝑁
     Eq. (5A-1) 

If we increase the magnification to x, the new fracture density 𝐹𝑥will be, 

 𝐹𝑥 =
𝑀

𝑥⁄

𝑁
𝑥2⁄

=
𝑀

𝑁
∙

𝑥2

𝑥
=

𝑀

𝑁
𝑥   Eq. (5A-2) 

Eq. (5A-2) not only indicates that the fracture density increases with the magnification but also 

implies that the fracture density is related to the magnification. Therefore, it is critical to determine 

the optimal magnification before investigating the quantitative relationship between induced 

fractures and pre-peak stress levels.  
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Figure 5B-1 2D fracture density versus SEM magnification measured from different cement samples. 

 

As shown in Figure 5B-1, the fracture density fluctuated under both low and high magnifications. 

The significant variation under high magnifications is due to the greater heterogeneity of the 

cement structure at the fine-scale. Under high magnification, such as 10000× (as we used in the 

measurements), the resolution of a SEM image is 11 nm and the physical area of the SEM image 

is about 87.5 μm2, which is smaller than the average cement particle size of 177 μm2 (assuming 

particles are in a circular shape with an average diameter of 15 μm) (Bentz et al., 1999; Taylor, 

1997).  

 

Although there are no standards that stipulate the minimum required SEM image size for cement 

structure analysis, ASTM C 31 (ASTM, 2003) states that to prepare a representative concrete 

sample, the sample size must be at least 3 times bigger than the maximum grain size. We can make 

an analogy and apply this criterion to calculate the minimum required SEM image size. The 

maximum particle size of Portland cement is approximately 100 μm (Bentz et al., 1999; Taylor, 

1997), so the minimum SEM image size should be around 23562 μm2 (circular-shaped cement 

particle) or 30000 μm2 (square-shaped cement particle), corresponding to a magnification of 608× 

or 539×, respectively. These values all reside in the pink area, which is in the magnification range 
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from 156× to 625×, as labeled in Figure 5B-1. In addition, curves in the pink area also show less 

fluctuations than those observed in other regions.  

 

Under a comparatively low magnification of 39×, the resolution of the SEM image is 2.70 μm. 

Most of the measured ‘fractures’ observed in the SEM image within this magnification range are 

actually large air voids, which usually have a circular shape (Figure 5B-2a). In some cases, we 

also captured the large artificial fractures, which were generated while preparing the cement thin 

sections (Figure 5B-2a). In a previous study, researchers used Wood’s metal to preserve the stress-

induced fractures and, therefore, allow easier differentiation between the stress-induced fractures 

and the artificial fractures (Nemati et al., 1998). However, the injection of the Wood’s metal is a 

pressure-driven process and, therefore, causes some new artificial fractures to form (Klaver et al., 

2015). As such, apart from some significantly large artificial fractures as shown in Figure 5B-2a, 

most of the fractures observed in this study are stress-induced. 

 

 

Figure 5B-2 SEM images of cement thin sections show various features under different magnifications. 

(a) circular shape air voids and large artificial fracture in low magnification SEM image. (b) stress-induced 

fractures start to emerge when magnification was increased to 156×. 

 

Under low magnifications, the fracture density mainly depends on the number of large air voids 

and the existence of the large artificial fractures, rather than the real stress-induced fractures, which 
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are exceedingly difficult to capture. According to our observation, after increasing the 

magnification to 156×, the stress-induced fractures start to emerge, as shown in Figure 5B-2b. 

Based on the analyses presented above, we have concluded that the optimal magnifications for 

quantitative cement fracture analysis should be between 156× and 625×. 

 

Figure 5B-3 shows the 2D fracture density of the Samples A, B and C analyzed by SEM at different 

magnifications. Under both 156× and 625× magnifications, we have observed that the fracture 

density values increased with the increasing compressive stress levels. Attiogbe and Darwin 

(Attiogbe and Darwin, 1987) obtained a similar trend when they performed measurement using 

1250× magnifications. This similar trend at higher magnification was likely due to a larger number 

measured of samples, which compensated for loss of representativeness under such high 

magnifications. 
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Figure 5B-3 Pre-peak stress level versus fracture density at different magnifications. 
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Chapter 6 Characterization of the Microstructure of the Cement-

casing Interface Using ESEM and Micro CT scan Techniques  

 

6.1 Summary 

Integrity of the cement-casing interface is an essential element of establishing an effective barrier 

system in cased and cemented wellbores. Failure to establish and maintain an effective barrier can 

result in negative environmental and economic impacts such as leakage of formation fluids into 

the environment or loss of production and costly remediation.  

 

The main focus of this paper is defined as the characterization of the cement-casing interface 

microstructure, which is critical for better understanding of the requirements for establishing 

effective zonal isolation and the long-term integrity of cemented wellbore sections of active wells 

as well as the integrity of the abandoned wells.  

 

Primary objectives of this study were; firstly, to confirm the most suitable methods for preparing 

cement-casing samples and characterize the microstructure of the cement-casing interface (i.e. 

quantify the size of the microchannel due to possible debonding (gap) at the cement-casing 

interface and its progression along the wellbore axis); understand how different test methods can 

impact the microstructure and once we have a firm baseline, analyze the impact of different cement 

compositions on the performance. More specifically, we have investigated effects of the cement 

composition and preparation, environmental conditions (i.e. relative humidity of the storage and 

testing conditions), cement shrinkage and the expansion additive on the integrity of the cement-

casing interface at micron scale by using environmental scanning electron microscope (ESEM, 

0.05 μm resolution) and micro-CT (μ-CT, 11.92 μm resolution) scanning techniques. Cemented 

casing samples were prepared by using Class-G and special abandonment cement blends with and 

without expansion additives and stainless-steel pipes. 

 
 This chapter was accepted by SPE Journal as “Yang, X., Kuru, E., Gingras, M., Iremonger, S., Chase, P., & Lin, Z. 

Characterization of the Microstructure of the Cement-Casing Interface Using ESEM and Micro CT Scan Techniques.” 
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Results showed that any significant change in the relative humidity (RH) of the environment 

during the cement preparation, curing and testing process significantly affects the size of the gap 

at the cement-casing interface in test samples. Analyses of the ESEM images have shown that the 

2D non-uniform gap size between the cement and the casing is inversely proportional to the change 

in the relative humidity (RH) of the environment.  

 

Results suggested that cement slurries set and cured under downhole conditions with relatively 

constant RH may not undergo significant shrinkage and yield only minimal debonding effect.  

 

The 3D gap model reconstructed from the micro-CT images confirmed that the gap between 

cement and casing mostly occurred at the cement polished surface and the gap didn’t show any 

significant connectivity below the cement polished surface indicating that common sample 

preparation methods can significantly impact the near surface interface. Cement blends prepared 

with expansion additives have shown smaller gap size. The use of expansion additives enhances 

the cement-casing interface integrity by effectively reducing the gap size at the cement-casing 

interface.  

 

We conclude that as long as the RH of the environment does not change significantly, the cement 

is expected to undergo a limited shrinkage and the gap between the cement and the casing may not 

induce any significant leakage pathway as the gap is only locally distributed at the cement polished 

surface without showing any significant connectivity along the wellbore axis.  

 

6.2 Introduction 

As a key component of the wellbore barrier system, cement is supposed to provide the zonal 

isolation and structural support during the entire life of a well. However, even when cement is 

properly placed in the well, zonal isolation may be lost over time. Leakage may occur from the oil 

and gas wells due to the failure of wellbore barrier system. Celia et al. (2005) summarized the 

possible causes, which could lead to failure of wellbore barrier system. The most common cases 
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are failure of the cement interfaces in the well, either cement-casing interface, or the cement-

formation interface (Bourgoyne et al., 2000). This paper focuses on the cement-casing interface. 

 

Cement/casing bond quality has been commonly used to assess the gas leakage potential through 

the cement-casing interfaces (Carter and Evans, 1964; Kremieniewski, 2019; Scott and Brace, 

1966). In recent years, with the development of Carbon Capture and Storage CCS) technique, more 

attentions have been paid to studying the permeability of the cement-casing interface. Most of 

these studies have focused on the influence of CO2–cement chemical reaction on the integrity of 

the cement-casing interface (Bachu and Bennion, 2009; Carey et al., 2010; Jung et al., 2013). 

However, the leakage does not only occur in CCS wells. Many questions such as the reasons 

behind the poor bonding among the production or abandonment wells still remain unanswered. 

The cement microstructure has a large influence on cement transport and mechanical properties 

(Bentz et al., 1999). Experimental observations suggested that the bonding quality may be 

associated with the microstructural changes that takes place in the near-wall zone, also known as 

the interfacial transition zone (ITZ) (Scrivener et al., 2004), which develops along the cement 

interfaces such as cement-casing interface.  

 

Despite the importance of the microstructure of the near wall zone, there are only a few studies 

that have investigated the cement-casing interface at micron scale. Torsæter et al. (2015) studied 

the microstructure of the cement-casing interface by using micro-CT and scanning electronic 

microscope (SEM). They found gaps (also called as microannuli) at the cement-casing interface. 

The gaps at the cement-casing interface was indicated as one of the most significant leakage 

pathways (Carey et al., 2010). Permeability is considered to be an important indicator to evaluate 

the durability of wellbore barrier element. Experimental tests shown the gas permeability of 

cemented casing section with gaps could reach to 600 mD but the gap dimensions were not 

mentioned (Rusch et al., 2004). Bachu and Bennion (2009) indicated that the presence of an 

annular gap and/or cracks in the order of 10–300 μm in aperture leads to a significant increase in 

effective permeability in the range of 0.1–1 mD.  
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While larger gaps are the main focus of research, as they provide an immediate communication 

channels, smaller gaps which don't change short-term permeability may still create elevated long-

term risk which is critical in abandonment applications. Smaller channels may initiate pathways 

for chemical attack by corrosive fluids or gases which increases the risk of the gap growing into 

one that impacts wellbore permeability and integrity. This is likely to be a slow process but realistic 

issues on the timescales of abandoned wells. Torsæter et al. (2015) suggested that the gaps shown 

in SEM images were likely to be caused by the cement shrinkage. The cement shrinkage can be 

divided into two major categories: a chemical shrinkage (Backe et al., 1998; Justnes et al., 1995), 

which results from autogenous chemical reactions taking place in the cement matrix, and a drying 

shrinkage, which is sensitive to the RH change (Gajewicz et al., 2016).  Although the cement 

shrinkage was suspected to be the main reason for the discontinuities shown in SEM images, no 

experimental evidence has been reported to confirm this assumption. Furthermore, which 

shrinkage type is mainly responsible for the discontinuities in SEM images is still unclear. 

 

Besides, the effect of the sample preparation (e.g. polishing for SEM characterization) on the 

bonding characterization remains unclear. Lavrov et al. (2017) characterized the particle size 

distribution in the ITZ using micro-CT with synchrotron radiation, which significantly increased 

the resolution of the CT image. However, the cement was placed in a glass tube rather than a steel 

casing. This may affect microstructure in the ITZ because casing has different electrical properties 

than glass, and the electric field affects the particle size distribution near the wall (Alexandre 

Lavrov, 2018). Moreover, the debonding, which normally occurs at the cement-casing interface 

(Lavrov et al., 2016), may not be captured at the interface between the cement and the glass tube. 

In short, very little is currently known about the microstructure of the cement-casing interface in 

relation to debonding phenomena.  

 

The main objectives of the study were: 1) characterize the cement-casing interface using 2D and 

3D characterization methods at micron scale, so that we can have a better understanding on what 

resolution we need for cement-casing interface study. Different fundamental sample preparation 

and characterization methods are critically examined, and the effect of polishing and storage 

conditions, which have yet to be addressed in cement interface studies, are also discussed. 2) 



 

128 

 

factors that can affect cement-casing interface bonding. Effects of the sample preparation, the 

cement shrinkage, and the expansion additives on the degree of debonding at the cement-casing 

interface are investigated by using detailed image analysis test results. Following this introduction, 

various sample preparation and characterization approaches are fully described in the subsequent 

section. Factors influencing bonding quality at the cement-casing interface are discussed in the 

next section. The study ends with a set of conclusions. 

 

6.3 Methods 

6.3.1 Materials and sample preparation 

Analytical techniques (i.e. SEM and micro CT scan) used for the cement-casing sample 

characterizations require an extremely small sample size, which prohibited us from using casings 

of common grades (e.g. J-55, N-80, etc.). Cement-casing interface samples were prepared by 

filling cement slurry into the short sections of 304 stainless steel pipe, which has an outside 

diameter of 9 mm, a wall thickness of 0.2 mm and a height of 4 mm (Figure 6-1). We have used 

the neat Class G cement to expedite the repeatability and the validation of the experimental results 

and to serve as a baseline for performance. We used a prefix ‘G_’ to represent the Class G cement 

for naming the samples. A water-cement (w/c) ratio of 0.45 was used giving a slurry density of 

1901 kg/m3. 

 

Figure 6-1 Illustration of the cement-casing interface sample. 
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The cement slurry was mixed according to API standard 10A and the slurry was then injected into 

the pipes. A small tamping rod was used to remove the bubbles from the slurry. Both ends of the 

pipes were sealed by the Teflon plastic films and no-gap curved-head cable ties. The samples were 

conditioned at ambient temperature (~21 °C) and cured in a steel pressure cell at 50 °C and 1500 

psi for 7 days. Once the samples were taken out of the steel pressure cell, they were immediately 

wrapped in PTFE film to prevent the water loss and isolate the cement interface samples from 

contacting the air. 

 

One disadvantage of the above sample preparation method was the uneven cement surface, which 

made it difficult to observe the cement-casing interface after curing. The usual procedure to 

overcome this limitation is to polish the sample’s bottom surface (Torsæter et al., 2015b). Detailed 

polishing procedures are described in Section 6.3.2.  

 

We have also proposed another method to observe the cement-casing interface without polishing 

the cement surface. This method was described in Figure 6-2 and the prepared samples were called 

as polish-free samples. Instead of using soft Teflon films, here we placed solid Teflon sheets at the 

bottom of the sample. Steel pipes were glued on the Teflon sheet by using a special spray adhesive. 

Both the Teflon sheet and the spray adhesive can withstand the curing temperature of 50 °C. After 

curing, a fast-acting adhesive remover was utilized to separate the cement-casing interface of the 

sample from the Teflon sheet. The slippery surface of the Teflon sheet also helped facilitate the 

separation. The top surface of the sample was sealed by the PTFE film. 

 

 

Figure 6-2 Procedure for the preparation of polish-free cement-casing interface samples. 

(a) glue one end of the steel pipe using spray adhesive. (b) seal the other end using Teflon film and tape. (c) 

place all samples in a vacuum bag during curing. (d) use adhesive remover to detach the samples. (e) is the final 

sample. 
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6.3.2 Sandpaper polishing and the diamond paste polishing 

When studying the surface features of the cement interface samples, polishing is normally a 

mandatory process to get a smooth surface. Sandpaper is one of the most common polishing tools 

and many researchers (Jankovic and van Mier, 2002; Kawashima and Shah, 2011) have utilized 

sandpapers to polish the cement surface. Abrasive particles are glued to one face of the sandpaper 

and their size are in a range from ~10 μm to ~1000 μm. This range causes some uncertainties about 

the effect of polishing on cement-casing interface as our interest is to study the interface at a micron 

scale (1-10 μm). The methods described in the following section are used to qualitatively estimate 

the effect.  

 

While polishing the cement-casing interface samples, following guidelines were strictly adhered 

to: 

• Sandpapers were treated as one-time use materials. Only the fresh surface of the sandpaper 

can be used to polish the cement surface. This is essential to minimize the amount of 

cement debris on the cement surface. 

• Polishing was performed in a certain one-way direction. The direction was labeled in the 

cement sample. 

• Once the cement deposits on the casing surface were fully cleaned, polishing was stopped. 

 

Ultra-fine sandpapers (2000 grit) is the finest sandpaper readily available. It has an average 

abrasive particle size of 10.3 µm. This is still relatively coarser compared to the 15 μm average 

grain size of the cement particles (Taylor, 1997). Further fine polishing requires special equipment, 

which was not available in the course of this work. 

 

In optical mineralogy and petrography, thin sections are prepared for detailed ultra-structural 

studies and then analyzed using the light microscope or the SEM. Cement thin sections are useful 

for understanding the microstructure of the cement (Stutzman, 2012). The cement-casing samples 



 

131 

 

prepared for this study could then be transformed into thin sections. The thin section lab at the 

University of Alberta has a sequence of successively finer polishing pastes composed of fine 

diamond particles ranging from 10 µm down to 0.25 µm. Figure 6-3 shows how the thin section 

lab prepared the samples. Steps shown in Figures 6-3a to 3c, describe a standard process, which is 

commonly called epoxy impregnation. 

 

 

Figure 6-3 Procedure for the preparation and polishing of the composite thin sections. 

(a) place the individual samples in a container. (b) vacuum the container and then inject epoxy. (c) remove the 

container once the epoxy solidified. (d) polish the composite thin section to certain thickness. (e) is the final 

sample. 

 

As shown in Figure 6-3e, one composite sample contains four individual interface samples. Using 

the diamond paste polishing, five sets of composite samples, named as Sample G_A, G_B, G_C, 

G_D and G_E, were prepared in the same way at the same time. Only one surface (bottom side) 

of each sample was polished and this surface was simply called as a polished surface to 

differentiate it from the other surface (top side), which is not polished. The samples were then 

stored for one week under different relative humidity conditions as described in the next section.  

 

6.3.3 Sample storage conditions and the relative humidity measurement 

The volume of a cement sample is sensitive to the relative humidity (RH) of the environment. If 

the RH of the surrounding environment is less than 100%, the cement sample will contract, which 

is known as cement drying shrinkage. Since the RH may vary depending on the storage conditions, 

we have investigated effects of four different storage conditions on the cement drying shrinkage. 

As shown in Figure 6-4, the first storage method is an unsealed method where the samples were 

stored under ambient room condition (21 ℃ and 33% RH). In the rest three methods, the samples 
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were all stored in a sealed bag. An ambient seal method is simply to store the samples in a sealed 

bag. In the water seal method, the samples were stored by immersing in water. Finally, in the 

humid seal method, samples were wrapped in a wet paper towel.  

 

  

Figure 6-4 Different cement storage conditions. 

 

RH in above mentioned methods were measured by using a humidity meter which measures RH 

from 10% to 95%, with 0.1% resolution and ±2% accuracy. For the water seal case (Figure 6-4c), 

the relative humidity of the air (above water) in the sealed bag was measured. The RH of each 

storage method was estimated by averaging three measurements. RH was measured every day for 

7 days. Samples G_A, G_B, G_C and G_D were stored in unsealed, ambient seal, water seal and 

humid seal conditions, respectively. The Sample G_E was also stored in water seal condition. 

 

6.3.4 3D Cement-casing interface characterization by using micro-CT scan technique 

Computed tomography is currently the only mature method, which can non-destructively 

investigate 3D microstructure of the materials. All prepared cement samples were first 

characterized by a SkyScan 1172 micro-CT scanner located at the Department of Earth and 

Atmospheric Science, University of Alberta. Considering the high densities of both cement and 

the casing, copper plus aluminum filter (Cu + Al) was selected to improve the quality of CT images. 

Placement of the samples also affects the resolution of the CT scan. Samples placed horizontally 
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while scanning allowed a resolution of 2.81 μm (see Figure 6-5a). However, the beam-hardening 

effect of the casing and the ring artifact impair the characterization of the cement-casing interface. 

To minimize the beam-hardening effect, the samples should be scanned vertically (see Figure 6-

5b). However, in this case, only a section of the sample can be scanned with 2.81 μm resolution. 

If we want to scan the entire sample, the resolution of the CT scan decreases down to 4.59 μm, as 

shown in Figure 6-5c. Micro-CT images analyzed in the main part of this paper were all scanned 

in a way shown in Figure 6-5c. 

 

  

Figure 6-5 Comparison of the CT images obtained from horizontal and vertical scan. 

 

Each CT scan will create about 1000 greyscale projection images. These images were further 

converted into about 2000 cross-section images, which are in 4000 × 4000 pixel format. The cross-

section CT images were then imported into ScanIP, the commercial 3D visualization and analysis 

software to reconstruct the realistic 3D structures of the cement-casing interface samples. Readers 

can refer to Yang et al. (2019) for more detailed information regarding the cement CT scan and 

3D reconstruction. 
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6.3.5 Gap size measurement using SEM/ESEM images 

The resolution of the CT images varied depending on the sample size. As we scan the samples 

vertically to minimize the beam-hardening artifacts, the maximum resolution that CT scan can 

reach was 4.59 μm. Compared to previous research using 100-200 μm resolution when 

characterizing the microannuli (Vrålstad and Skorpa, 2020), the resolution we achieved in the 

current study (as low as 4.59 μm) allowed more accurate evaluation of  the integrity of cement-

casing samples. Besides, although the smaller gaps may have limited impact on the short-term 

permeability, they may function as the starting point of chemical attack and thus jeopardize the 

long-term wellbore integrity. In order to capture these small gaps and have a closer look at the 

cement-casing interface, a higher resolution characterization tool is thus needed. As a surface 

characterization equipment, SEM can be used to characterize the cement features beyond the 

resolution of the micro-CT. A Zeiss Sigma Field Emission SEM located in the Department of Earth 

and Atmospheric Science, University of Alberta was used to characterize the cement-casing 

interface samples. Its resolution can reach 0.01 μm. Since the cement is a non-conductive material, 

the cement-casing interface samples were coated by carbon to make them conductive. The carbon 

may affect the CT scan result and, therefore, the CT scan measurements should be performed 

before conducting any SEM scan.  

 

Cement chemical shrinkage and drying shrinkage are important factors that influence the bonding 

quality (Goboncan and Dillenbeck, 2003; Reddy et al., 2009). Previous research (Bisschop and 

van Mier, 2002; Neubauer et al., 1997) has indicated that the traditional SEM coating and 

characterization can cause cement drying shrinkage because both processes take place in a high 

vacuum chamber whose RH is pretty low. To minimize the cement drying shrinkage, an 

environmental scanning electron microscope (ESEM) would probably be a more appropriate 

technique to use as the ESEM is able to image the hydrated cement interface samples at the 

controlled RH conditions (Kjellsen and Jennings, 1996; Neubauer et al., 1997). In this study, Zeiss 

EVO Environmental SEM located in the Department of Earth and Atmospheric Science, 

University of Alberta was selected to capture images of cement-casing interface at RH ranges 

varying from 15% to 95%. The ESEM chamber temperature was maintained at 10 ℃. The target 
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RH can be achieved by adjusting the chamber pressure. Images were captured after the RH 

stabilized for at least 5 minutes. 

 

As shown in Figure 6-6a, images (SEM or ESEM) were captured at 16 different locations under 

2000×magnification. On each image, five green overlays were drawn to estimate the mean gap 

(debonding) size (Figure 6-6b).  

 

 

Figure 6-6 Illustration of where and how gap size was measured. 

 

6.4 Results and discussion 

6.4.1 Effect of polishing 

In this section, the effect of polishing was discussed based on the SEM images of individual 

cement-casing interface samples (not composite samples). All the samples mentioned in this 

section were stored under the water seal condition for one week.  

 

Using polish-free samples probably is the best way to avoid any polishing effect on the cement 

interface characterization. Images shown in Figure 6-7 were obtained from the two polish-free 

samples, Sample G_PF1 and Sample G_PF2. Fortunately, we found some clean (i.e. uncovered by 

cement) cement-casing interface sections that clearly showed the gap between cement and casing. 
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From the polish-free samples, we could confirm that the gap was not caused by the polishing. To 

have a better understanding of the gap size distribution and also to improve the analysis efficiency, 

it was still necessary to polish the samples. 

 

 

Figure 6-7 SEM images of two uncovered spots in the polish-free samples. 

(a), (b) and (c) are SEM images of Sample G_PF1, whereas (d), (e) and (f) are SEM images of Sample G_PF2. 

 

Figure 6-8 summarized the SEM images of the cement-casing interface samples polished by Ultra-

fine (2000 grit) sandpapers. Schematic sample diagrams show the positions of the captured SEM 

images. The most interesting images were those captured at the positions where the direction of 

polishing scratches was almost perpendicular to the cement-casing interface. As shown in Figure 

6-8, depending on the positions, the images were divided into two groups: front images and rear 

images. In the front images, there were almost no gaps at the cement-casing interface, whereas in 

rear images, cracks and fragmented surfaces were observed. A possible explanation for this 

difference might be that the sandpaper polishing caused the decentralization of the hardened 

cement paste (or just the surface). Due to the sandpaper polishing, the interface at the front side 

was squeezed, while the interface at the rear side was stretched. Another important finding was 

that the sandpaper severely reshaped the casing surfaces and edges. We found that there were small 
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cracks, which were all perpendicular to the polishing direction, distributed in the near wall zone. 

These cracks were likely to be created by the tensile stress due to the polishing. 

 

 

Figure 6-8 SEM images of three samples which were manually polished by the sandpapers. 

 

Above analyses suggested that the sandpaper polishing might have decentralized the hardened 

cement paste. A basic assumption behind this suggestion was that some gaps must have been 

already present at the cement-casing interface before the polishing. To prove this assumption, a 

new polishing method was needed. As stated in the Section 6.3.2, another method, which 

impregnated the epoxy into the cement interface sample before conducting any polishing work 

was utilized. Figure 6-9 shows the SEM images of the cement interface samples polished by this 

new method. 
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Figure 6-9 SEM images of the two samples located in a composite thin section. 

 

As we can see from Figure 6-9, use of finer diamond paste (down to 0.25 μm) reduced the size of 

the polishing scratches significantly. Consequently, the cement and casing boundaries were well 

preserved. Use of solid epoxy technique proved that some gaps between the cement and the casing 

boundaries already existed before the polishing. Moreover, based on the SEM images, we have 

observed that the gap size varied with the positions along the cement-casing interface. This finding 

suggests that the hardened cement paste or at least the cement surface, was not a perfect cylinder. 

Then the question arises how the gaps were formed? 

 

6.4.2 Effect of cement drying shrinkage 

Several mechanisms have been suggested to be responsible for the generation of the gaps between 

the cement and the casing. Using SEM scanning technique, Torsæter et al. (2015) suggested that 

these gaps were likely to be caused by the cement shrinkage. This part mainly discusses the effect 

of drying shrinkage on the microstructure of cement-casing interface.   

 

Considering the drying shrinkage is highly sensitive to RH gradients, the gaps shown in SEM 

images might have been induced not only by the polishing process but also sample storage 

conditions or SEM characterization technique. To clarify the contribution of drying shrinkage to 
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the creation of the gaps, environmental SEM (ESEM) was used to control the RH while observing 

the cement interface samples.  

 

Figure 6-10 shows the images of the gap size change with the RH at four different locations in 

Sample G_E. At each location, initially we planned to set a reference region under 95% RH and 

capture the images of this region under different RH to see how the interface will change with the 

RH. However, image quality was substantially decreased at 95% RH because of the skirting effect 

(Mathieu, 1999; Podor et al., 2019). In this case, we used the images at 75% RH as the reference 

and therefore in Figure 6-10, the images captured at 95% RH were not included.  

 

Location 

 Relative humidity 

 
75% 55% 35% 15% 

 

 

    

 

    

 

    

 

    

Figure 6-10 Gap size evolution at four different locations with the relative humidity change. 
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Gap size versus relative humidity measurements shown in Figure 6-11 revealed that the gap size 

has a non-linear relationship with the RH. When RH is greater than 75%, the gap size increases 

gradually with the decreasing RH, while the RH is lower than 75%, however, significant increment 

of the gap size was observed with the decreasing RH. Figure 6-11 also shows the gap size has a 

non-uniform distribution. This result may partly be explained by the temperature and humidity 

gradient in the ESEM chamber because uniform temperature and humidity fields in the chamber 

are hard to achieve. It took about 4 hours to finish all the ESEM scans. During this short time 

period, the gap size changed significantly under ESEM. The average gap size increased by 2.72 

μm in 4 hours. This means that the cement sample shrunk 0.6% (in 2D) when RH decreased by 

80% in a 4-hour time period. 

 

The average gap size of the samples characterized under different RH conditions are summarized 

in Table 6-1.  From the results shown in Figures 6-10 and 11 and the Table 6-1, it is apparent that 

(average) gap size increased with the decreasing RH. Similar results, indicating the shrinkage of 

the cement paste is inversely proportional to the RH, have also been reported by previous studies 

(Bissonnette et al., 1999; Neubauer et al., 1997). Standard deviation of the gap size was also 

calculated. When RH higher than 50%, the standard deviation is very close to the average gap size, 

which further confirms the gap size has a non-uniform distribution. 
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Figure 6-11 Gap size versus relative humidity at different locations. 
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Table 6-1 Average gap size of samples characterized in different RH conditions. 

Sample ID 
Storage 

condition 

Storage 

RH 
Scan method 

Relative 

humidity 

Average gap 

size /μm 

Standard 

deviation /μm 

Sample G_E water seal 99% 
Environmental 

SEM 

95% 0.52 0.50 

75% 0.86 0.68 

55% 1.57 1.17 

35% 2.34 1.39 

15% 3.24 1.62 

 

6.4.3 Effect of storage condition 

Figure 6-12 shows the RH of different storage conditions measured as a function of time. Unsealed 

condition has the lowest RH as it is recorded under the room condition, which is influenced by the 

fluctuating local weather condition. The cement samples stored under sealed conditions all have 

an approximate RH at the beginning around 73% RH. The RH of the cement sample kept under 

water seal condition stabilized at 100% whereas for the samples stored under humid seal condition, 

the RH reached to 90% at the end of the test. Ambient seal condition kept RH of the cement sample 

at around 75% with a slight decrease in time.  
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Figure 6-12 Relative humidity of different storage conditions. 
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We also measured the gap size of the cement samples stored under different conditions and the 

results are summarized in Table 6-2. In order to maintain a high RH level and obtain high quality 

image at the same time, 75% RH was used while characterizing the samples with ESEM. Based 

on the average gap sizes measured from the ESEM images, we found that the gap sizes were also 

following the same trend as the ones we discussed in the previous section confirming that the gap 

size was inversely proportional to the RH. Standard deviation data also indicates the gap size has 

a non-uniform distribution regardless of storage condition or scan method. 

 

Table 6-2 Average gap size of samples stored in different conditions. 

Sample ID 
Storage 

condition 

Storage 

RH 
Scan method 

Characterization 

RH 

Average gap 

size /μm 

Standard 

deviation /μm 

Sample G_A unsealed 20% 

Environmental 

SEM 

75% 1.58 1.59 

Sample G_B ambient seal 71% 75% 0.99 0.62 

Sample G_C water sealed 99% 75% 0.76 0.29 

Sample G_D humid sealed 86% 75% 0.82 0.84 

Sample G_A unsealed 20% 

Normal SEM 

0% 2.36 3.28 

Sample G_B ambient seal 71% 0% 2.82 0.96 

Sample G_C water seal 99% 0% 4.38 2.50 

Sample G_D humid seal 86% 0% 4.24 2.64 

 

After the ESEM scan, the samples were directly scanned by the normal SEM again. Contrary to 

the ESEM measurements, the gap size measured from the SEM images increased with the 

increasing RH. When we characterize the samples using normal SEM, the SEM vacuum chamber 

makes the RH dramatically decrease to almost 0%. Compared to the Sample G_C, the Sample 

G_A was stored in a less humid environment and, therefore, the Sample G_A did not undergo as 

much RH change as the Sample G_C during SEM scan. Consequently, the Sample G_A showed 

a smaller average gap size than Sample G_B. These results indicate that the gap size was strongly 

affected by the change in the RH between the storage and the test conditions. The harsh RH change 

has also been claimed as a cause for the collapse of calcium silicate hydrate (C-S-H) (Z. Zhang et 

al., 2018). 
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6.4.4 Effect of expansion agent on the size of the gap at the cement-casing interface 

Given that the shrinkage would create the gap between the cement and casing , a solution to 

minimize the gap is to engineer the cement blend to minimize shrinkage or to add expansion agent 

to the cement blend (Baumgarte et al., 1999; Goboncan and Dillenbeck, 2003). As we have 

developed an analytical technique for characterizing the cement-casing interface, we then wanted 

to apply the same technique to determine the effect of some commercially used expansion 

additives on the cement-casing interface integrity.  

 

To investigate the influence of the expansion agent on the cement-casing bonding, we have 

prepared four types of cement-casing samples using Class G cement with (Sample G_W) and 

without expansion agent (Sample G_WO), and two abandonment-based blends. One system was 

a novel abandonment blend with engineered chemistry to minimize permeability, improve 

chemical resistance and show no chemical shrinkage (Sample A_W) and the other one a more 

traditional abandonment blend which was not engineered to give enhanced performance and will 

likely show chemical shrinkage (Sample A_WO). ). All samples were cured at the same condition 

(50 °C and 1500 psi for 7 days) as described in Section 6.3.1. The expansion agent used in both 

cement is less than 2% BWOC. For each type of cement-casing samples, one set of composite 

samples (shown in Figure 6-3e) was prepared and analyzed using the preferred method described 

in Section 6.4.3. The measured average gap sizes are summarized in Table 6-3. Examples of the 

ESEM images captured from the cement samples are shown in Figure 6-13. 

 

Table 6-3 Average gap size of samples prepared using different blends w/wo expansion agents. 

Sample ID 
Storage 

condition 

Storage 

RH 
Scan method 

Characterization 

RH 

Average gap 

size /μm 

Standard 

deviation /μm 

Sample G_WO ambient seal 71% 

Environmental 

SEM 

75% 1.64 1.29 

Sample G_W ambient seal 71% 75% 1.48 0.81 

Sample A_WO ambient seal 71% 75% 8.07 3.38 

Sample A_W ambient seal 71% 75% 1.34 1.58 
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Location 

 Sample Name 

 Sample G_WO Sample G_W Sample A_WO Sample A_W 

 

 

    

 

    

 

    

 

    

Figure 6-13 Examples of ESEM images captured at four different locations of cement samples. 

 

According to the standard deviation data, gap size is nonuniformly distributed in all kinds of 

samples. A note of caution is due here as the samples prepared using traditional abandonment 

blend (Sample A_WO) exhibits bigger gap than both Class G blends. The traditional abandonment 

blend contains chloride-based accelerators which are known to cause shrinkage while the Class G 

and Class G with expansion agent (Sample G_WO) blend does not. The accelerators are needed 

for the cement to gain strength as the two Class G blends would have delayed strength development, 

which would sub-optimal in a field application.  

 

Table 6-3 also illustrates with the expansion agent, the gap size in the abandonment sample 

(Sample A_W) was reduced. For Class G blends, the effect of expansion agent is not significant. 
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In fact, without sufficient additives, the Class G blends have some inherent flaws. For example, 

for Class G samples (Sample G_W, G_WO), we have observed some signs of particle settling with 

lower density cement on top. Porosity of the Class G samples is also higher than the abandonment 

samples, which means the permeability of Class G samples is most likely higher than the 

abandonment samples and the high permeability is not good for the long-term well integrity. These 

observations demonstrate the importance of using engineered cement blends with optimized slurry 

properties in experiments such as these to reduce the impact of free water or particle segregation 

giving misleading results. 

 

6.4.5 Discussion and implication for field practice 

Overall, the aforementioned discussions indicate that the gap size at the cement-casing interface 

was significantly affected by the cement drying shrinkage as a result of RH change. Gap size 

results also varied depending on the storage condition and SEM/ESEM characterization method. 

The cement interface samples are always somewhat subject to cement drying shrinkage unless 

characterize them at high RH using ESEM. However, the image quality obtained in high RH will 

be substantially decreased. Compromise has been made by characterizing the samples under 75% 

RH. In addition, to avoid the rapid RH change, it is better to keep a consistent RH from storage to 

characterization. Ambient seal storage condition maintains a RH around 75% and it is also a 

convenient way to store samples. Taken together, these results suggest that storing samples in an 

ambient seal condition and characterizing them using ESEM at 75% RH should be a preferred 

method. 

 

As for the implications of these results from practical field applications point of view, we may 

conclude that as long as the RH condition is uniform, the gap size at the cement-casing interface 

would be minimal. Once the cement is pumped downhole and set behind the casing, it would be 

safe to assume that the cement column would be cured under relatively constant (downhole) RH 

conditions. Based on our lab-scale observations, we can say that these relatively constant RH 

conditions would help to minimize the possible cement drying shrinkage (and the size of the 

resultant gap between the cement-casing interface) and, hence, have a favorable impact on the 

quality of the cement-casing bond. 
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SEM/ESEM measurements are limited to the cement-casing interface at the polished surface of 

the cement column. In other words, SEM/ESEM measurements do not tell anything about if the 

gap seen at the cement polished surface is in fact extended below the cement surface (i.e. 

connectivity of the gap along the cement/casing interface). This is why we need to conduct 3-D 

characterization of the cement-casing interface using Micro CT scanning tests. 

  

6.5 Connectivity of the gaps at the cement-casing interface 

The inner diameter of the casing pipe is 8600 μm. According to the average gap size values shown 

in Tables 1 and 2, the highest shrinkage (2D shrinkage) is about 0.1%. This value is consistent 

with the previous experimental measurement results (Garci Juenger and Jennings, 2002). In a 

typical wellbore geometry, say for a cement column placed in the annulus between 8.625 inch (ID) 

and 7.0 inch (OD) casings, assuming no size effect on the drying shrinkage and the shrinkage is 

uniform throughout the sample, 0.1% shrinkage would result in a gap size of around 15 μm. This 

value is very small (close to an average cement particle size, (Taylor, 1997)). More importantly, 

does the gap have any continuity along the axial direction of the wellbore? 

 

Analyses of micro-CT images showed that the gap only occurs at the surface and the depth (i.e. 

continuity along the wellbore axis) of the gap is very limited. Figures 6-14a and 14b show a group 

of cropped cross-sectional CT images of Sample A_WO (abandonment blend without expansion 

agent), which yields the largest average gap size as shown in Table 6-3. Fig Figure 6-14a was 

captured at a position near the surface. We can clearly see that there is a gap between the cement 

and casing interface. Figure 6-14b shows the CT image of the same sample at a deeper location 

(0.12 mm below the surface), which indicates that the gap vanished as there were no clear gaps 

seen at this location.  

 

Similar groups of cropped cross-sectional CT images of Sample A_W (Figures 6-14c and 14d), 

Sample G_WO (Figures 6-14e and 14f) and Sample G_W (Figures 6-14g and 14h) were also 

captured. Figures 6-14c, 14e and 14g were captured at the positions near the surface and there were 
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no significant gaps observed in these images. Figures 6-14d, 14f and 14h were captured at the 

positions 0.12 mm below the surface and we did not observe any gap in Figures 6-14d, 14f and 

14h either.  

 

 

Figure 6-14 Comparison of gap in CT images at different horizontal levels (Resolution 4.59 μm). 

Figs a, c, e and g were captured at the near surface. Figs b, d, f and h were captured at a deeper location (0.12 

mm below the surface). 

 

Figure 6-15 shows the visualized 3D gaps reconstructed from the micro-CT images of the Sample 

A_WO. In Figure 6-15, we can see how the discontinuity of the gap progresses from the cement 

surface to down below the surface (along the pipe axis). In Figure 6-15a, the 3D gaps in Sample 

A_WO were marked in blue color. An enlarged view of the 3D gap with dimensions is displayed 

in Figure 6-15b. The arc length of the gap along the circumference of the cement-casing interface 

was about 3.00 mm. The width of the gap was not constant along the circumference. The largest 

gap size (i.e. gap width) measured at the surface was about 13.31 μm. We have also measured the 

change of the gap width along the axial direction and the results are shown in Figure 6-16. In 

general, the gap became smaller at the deeper positions and eventually vanished at a depth of 

around 0.12 mm. Nevertheless, the gap didn’t break through the sample in the axial direction. Thus, 

the gap was discontinuous in the axial direction and locally distributed along the circumference of 

the cross-sectional plane.  
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Figure 6-15 Illustration of the 3D gap reconstructed from the micro-CT images of Sample A_WO. 
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Figure 6-16 Change in the size of the gap width between cement and casing versus depth (0 mm depth level 

represents the sample surface).  

 

Curves in Figure 6-16 are not very smooth. They look more like piecewise curves. This is due to 

the resolution of the micro-CT. The resolution of CT images shown in Figure 6-14 is 4.59 μm, 

therefore, the gap size should be a multiple of 4.59 μm. This explains why most of the data in 

Figure 6-14 concentrate around 4.59 μm, 9.18 μm and 13.77 μm. 
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6.6 Discussion of the results and the limitations of the study 

It is worthwhile to note that the application of micro-CT in characterizing cement interface study 

is somewhat limited by the resolution of the technique. For the samples we prepared, the highest 

CT resolution we could achieve was 4.59 μm. However, as shown in Tables 6-2 and 3, the average 

gap size measured by using SEM/ESEM techniques varied from 0.52-4.38 μm. Therefore, only 

some of the gaps could be identified by using the micro-CT technique. For example, Figure 6-17 

provides the detailed gap size distribution data of the cement samples listed in Table 6-3. Most of 

the measured gap size was below the CT resolution. At location 16, Although both Sample A_W 

and Sample G_WO have gap sizes larger than CT resolution, they are still close to the CT 

resolution and therefore cannot be clearly captured. On the contrary, most of the gap in Sample 

A_WO exceeds the CT resolution. That is why we only discussed Sample A_WO in Figures 6-14 

and 15. We should be very cautious about making broad conclusions based on the result obtained 

from the micro-CT because of the presence of a large number of small gaps, which were beyond 

the CT resolution and might have been already filtered. Data shown in Figure 6-17 also indicate 

that the gap size varies significantly. 

 

 

Figure 6-17 Detailed gap size data of cement samples listed in Table 6-3 (SEM/ESEM data). 
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Since the presented lab results were obtained at the micron scale, special attention should be paid 

when comparing the lab results with the field data. The shrinkage value is a dimensionless 

parameter and, therefore, is independent of sample dimensions. However, size effect exists in the 

hardened cement paste (Ba et al., 2013; Wee et al., 1987). The study is limited by the lack of 

information regarding the size effect on the gap between the cement and casing. In addition, 

drilling fluid and its associated residues (e.g. mud cake, drilled cuttings, etc.) on the wellbore 

and/or casing wall should be displaced before the cementing but in reality, ideal displacement is 

hard to achieve. This study was also limited by the absence of drilling fluid (i.e., mud cake) at the 

interface.  

 

High cement shrinkage and interfacial debonding were known as the major reasons that lead to 

gas migration (Bonett and Pafitis, 1996; Parcevaux and Sault, 1984). (Torsæter et al., 2015b) 

pointed out that even for a 10 μm gap with a circumferential length of 1 m and depth of 1 km, the 

leakage rate caused by the gap is on the order of 0.63 m3 per year. This is a rather small flow rate. 

More importantly, most cracks show rather limited connectivity, it is probably safe to say that the 

3D gaps are not likely to induce significant leakage pathways. However, further studies are needed 

for more confirmation of these conclusions, in particular, to see what happens to the integrity of 

the cement/casing interface under in-situ stress conditions. 

 

6.7 Conclusions 

Effects of the environmental conditions (i.e. relative humidity of the storage and testing conditions), 

cement drying shrinkage and the expansion agent on the integrity of the bonding at the cement-

casing interface at micron scale have been investigated by using environmental scanning electron 

microscopy (ESEM) and micro-CT (μ-CT) scanning techniques. Based on the experimental 

observations following conclusions can be offered: 

• Any drastic change in the relative humidity (RH) of the environment during the cement 

preparation, curing and testing process significantly affects the degree of the de-bonding 

at the cement-casing interface.  
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• The 2D non-uniform gap size between the cement and the casing is inversely proportional 

to the change in the relative humidity (RH) of the environment.  

• Storing cement samples in an ambient seal condition (~71% RH) and characterizing them 

using ESEM at 75% RH seems to be the most suitable method to obtain high resolution 

images of the cement-casing interface as well as minimize the cement drying shrinkage. 

• Characterizing the cement-casing interface under high resolution allows us to capture the 

smaller gaps. Although these smaller gaps may have limited impact on the short-term 

permeability, they may function as the starting point of chemical attack and thus jeopardize 

the long-term wellbore integrity. 

• The gap between the cement and the casing mostly occurs at the cement surface and the 

debonding does not show any significant connectivity below the cement surface.  

• Cement slurries set and cured under downhole conditions with relatively constant RH may 

not undergo significant shrinkage and yield only minimal debonding effect.  

• As long as the  RH of the environment does not change significantly, the cement is expected 

to undergo a limited shrinkage and the debonding between the cement and the casing may 

not induce any significant leakage pathway as the debonding is only locally distributed at 

the cement surface without showing any connectivity along the wellbore axis.  

• Optimizing the chemistry of the cement system enhances the cement casing bond integrity 

by reducing the gap size at the cement-casing interface. Wellbore cement which was 

designed to provide zonal isolation should be optimized to have no shrinkage, as it is the 

best insurance policy against degradation in integrity during the entire life of the well. 

 

We will conduct further studies to investigate integrity of the cemented wellbores under more 

realistic wellbore geometry conditions such as samples simulating the casing-cement-casing and 

rock-cement-casing interfaces. The effect of rewetting and drilling fluid on the gap size change 

remains to be elucidated. Experimentally testing the permeability of the cement-casing samples is 

also vital to evaluate the leakage potential. Such efforts are expected to result in better 

understanding of the factors controlling cemented wellbore integrity and help design enhanced 

cementing jobs with minimal gas leakage potential from oil and gas wells.  
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Chapter 7 Characterization of the Microstructure of the Cement-

rock Interface Using ESEM and Micro CT Scan Techniques 

 

7.1 Summary 

Cement-rock interface is a major component of the wellbore barrier system. Leakage may result 

from the poor bonding between cement and rock interface. This paper investigates possible factors, 

which may affect the cement-rock interface bonding. More specifically, integrity of the cement-

rock interface was characterized using micro-CT (μ-CT) and environmental scanning electron 

microscopy (ESEM).  

 

Hollow cylinder rock samples were prepared by using rock samples (e.g. Banff-Dolostone, 

Pekisko-Limestone, Doig-Sandstone, Notikewin-Siltstone, Montney-Siltstone, Wilrich-Siltstone) 

collected from different Alberta wells at various depths. Two abandonment cement blends were 

injected into the rock open hole. After curing the cement-rock samples in water at ambient 

temperature (~21 °C) and 1500 psi for 7 days, the samples were then processed into thin sections. 

By using Environmental SEM (0.05 μm resolution) and micro-CT (11.92 μm resolution) 

techniques, the 2D and 3D models of cement-rock interface were developed. Using the CT images, 

CFD models were built to simulate fluid flow through the cement-rock samples. 

 

For both cement and rock, there is a non-uniform porosity distribution in radial and axial direction. 

For most of the cement-rock samples, highest porosity region in the cement column was found at 

the cement-rock interface. According to CT analysis, average porosity of rocks is higher than that 

of cement. Traditional abandonment cement not only has a higher average porosity, but also has 

more fluctuations in the axial porosity distribution. Optimizing the chemistry of the cement system 

enhances the cement-rock interface bond by effectively reducing the gap between cement and rock 

observed in ESEM images. The gap reduction rate (traditional versus optimized abandonment 

 
 This chapter was submitted to SPE Journal as “Yang, X., Kuru, E., Gingras, M., Iremonger, S., Biddle, S., & Lin, Z. 

Characterization of the Microstructure of the Cement-Rock Interface Using ESEM and Micro CT Scan Techniques.”. 
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cement formulation) varied depending on the rock properties such as rock density and porosity. 

The gap reduction rate decreased with the increasing rock density. CT-based CFD simulation on 

the cement-rock samples showed that the location of the main flow depends on the permeability 

variance among cement, rock and interface. The cement-rock interface has more chance to act as 

the main flow pathway when intact (low permeability) caprock exists.  

 

The sample preparation, image analysis and simulation methods used in this study can be also 

applied to other cement interface studies (e.g. cement-casing, casing-cement-rock). All these 

efforts are likely to result in a better understanding of the factors influencing the gas leakage from 

oil and gas wells, which will be useful for reducing the greenhouse gas emissions from oil and gas 

wells. 

 

7.2 Introduction 

Wellbore cement is the most important barrier elements as it provides zonal isolation to prevent 

uncontrolled flow of formation fluid to surface as well as cross flow among various underground 

formations. A good wellbore cementing practice is expected to provide zonal isolation throughout 

the life of a well, which expands from a well construction, through hydrocarbon production, to 

post-abandonment. However, even when cement is properly placed in the well, zonal isolation can 

be lost over time. Loss of zonal isolation not just harms the work safety but also brings long-term 

risks to the environment (after the abandonment of a well), such as emission of greenhouse gases 

and/or contamination of water aquifers (Bachu 2017; Dusseault e al., 2000). 

 

Previous research (Bonett and Pafitis 1996; Celia et al., 2005; Viswanathan et al., 2008) 

summarized that possible causes of the zonal isolation loss. The most common cases are due to 

the failure of the cement interfaces in the well, either cement-casing interface, or the cement-

formation interface (Baumgarte et al., 1999; Bourgoyne et al., 2000). In this study, we focused on 

the integrity of the cement-rock interface. Rock properties at the cement-rock interface vary a lot 

as a well is normally drilled through several different formations. Therefore, as far as the interface 

properties are considered, the cement-rock interface seems more prone to have leakage than the 
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cement-casing interface. A notable example has been observed in a well after 30 years of CO2-

flooding operation, where  textural studies on the cores revealed that the cement-rock interface 

degraded much more than the cement-casing interface and there was a high porosity zone at the 

cement-rock interface (Carey et al. 2007).  

 

Many previous cement-rock interface studies have been related to the Carbon Capture and Storage 

(CCS) wells, where the main focus was to understand the influence of chemical reaction at the 

cement-rock interface (Carey et al., 2007; Agbasimalo and Radonjic 2012; Jung et al., 2013; 

Newell and Carey, 2013; Jung et al., 2014; Labus and Wertz, 2017). It was noteworthy that the 

geometry of cement-rock interface of the samples used in these studies had either a flat surface or 

some other irregular shape but did not have a realistic circular shape.  

 

Researchers from SINTEF have investigated the effect of mud properties (Opedal et al., 2014; 

Opedal, et al., 2014), cement defect (Kjøller et al., 2016), interface geometry (Torsæter et al., 2015) 

and cement stiffness (Lavrov, 2018) on cement-rock interface integrity. In the majority of these 

studies, micro-CT scanning technique was used to non-destructively characterize the cement-rock 

interface. Due to the large sample sizes used in these studies, the resolution of micro-CT was 

limited to 24-200 μm. Considering the multiscale nature of the cement, in order to have a closer 

look at the interface microstructure, scanning electron microscope was used together with micro-

CT as SEM can characterize the cement microstructure at nanoscale. However, traditional SEM 

characterization can cause cement shrinkage and thus degrade the quality of characterization 

results. 

 

So far, however, very little attention has been paid to the role of formation rock properties on the 

cement-rock interface integrity. One good recent work by Opedal, et al. (2014) had a short 

discussion of rock types on cement-rock interface integrity where they qualitatively concluded that 

the different rock formations exhibited different interactions with the cement. But they did not 

offer much discussion about what actual mechanisms were behind their conclusion. To answer this 

question, more in-depth quantitative studies are needed. The cement used in their study was neat 



 

155 

 

Portland cement which has been commonly employed in previous cement-rock studies such as 

Agbasimalo and Radonjic (2012); Opedal et al. (2014); Labus and Wertz (2017). However, the 

neat Portland cement without additives suffers from significant density segregation and free fluid, 

and if fluid loss additives are not present then dehydration of the slurry is possible if pressure is 

applied to the slurry while adjacent to a permeable formation. A cement blend that is used in real 

wellbores should be considered in the cement-rock interface study as it is more relevant to the 

industrial practice. 

 

The aim of this study is to explore the effect of formation rock types on the cement-rock integrity, 

and how to improve the cement-rock integrity by applying suitable cement blends. Unlike the 

using of outcrop rocks (Opedal et al., 2014), we used the formation rocks collected from wells 

drilled in Alberta. The resolution of micro-CT characterization was also improved to 11.92 μm by 

optimizing the sample preparation. A novel method was also proposed allowing to characterize 

the cement-rock interface at around 0.05 μm resolution with minimal cement shrinkage by using 

Environmental SEM. Moreover, we quantitatively characterized and analyzed the cement-rock 

interface at micron scale. Potential leakage pathways in the cement-rock samples was also 

discussed via CT-based flow simulations.  

 

7.3 Materials and methods 

7.3.1 Materials and sample preparation 

Rock core samples collected from the Core Research Center depository in Calgary were sampled 

from multiple wells located in Western Canadian Sedimentary Basin, as shown in Figure 7-1a.  

These rock cores covered a wide range of rock types as they were obtained from six formations at 

various depth (Figure 7-1b). One sample from each formation was made into petrographic thin 

sections to confirm the rock lithology (Figure 7-1c). Petrographic thin sections were examined 

using a Nikon Eclipse E600 POL microscope, with photomicrographs taken using an Infinity1 

Lumenera camera. Analysis results are summarized in Table 7-1. 
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Figure 7-1 Locations and depths of the collected rock cores. 

 

Table 7-1 Rock lithology of the collected formation samples. 

Formation 
Lithology from Alberta Table of Formations 

 (Alberta Geological Survey 2019) 
Actual lithology 

Banff limestone or dolostone Dolostone 

Pekisko limestone or dolostone Fossiliferous limestone 

Doig sandstone or siltstone Quartzose very-fine-grained sandstone 

Notikewin sandstone or siltstone Quartzose sandy siltstone 

Montney sandstone or siltstone Quartzose coarse-grained siltstone 

Wilrich shale or mudstone Quartzose coarse-grained siltstone 

 

After drilling, cutting and polishing, the rock cores were processed into hollow cylinders (Figure 

7-2a). The height of the samples in Figure 7-2b is about 9-11 mm. The diameter and hole size of 

the rocks in Figure 7-2b is about 21 mm and 8 mm, respectively. Rock density was calculated by 

measuring the volume and weight of the rock hollow cylinders.  

 

Two cement blends were used in this study: One was a novel abandonment blend with engineered 

chemistry to minimize permeability, improve chemical resistance and show no chemical shrinkage 

(REM) and the other one a more traditional abandonment blend which was not engineered to give 

enhanced performance and will likely show chemical shrinkage (GAB). Throughout this paper, 
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the term ‘REM’ and ‘GAB’ are used to refer to the two cement blends. Both blends have been 

used in the field applications.  

 

The cement slurry was mixed according to API standard 10A and the slurry was then injected into 

the rock open hole. A small tamping rod was used to remove the bubbles from the slurry. Both 

ends of the rock were sealed by the electrical tape. The samples were conditioned at ambient 

temperature (~21 °C) and cured in a steel pressure cell filled with tap water at ambient temperature 

(~21 °C) and 1500 psi for 7 days. Figure 7-2b shows examples of cement-rock samples after curing. 

These are the samples prepared by using REM cement. Once the samples were taken out of the 

high pressure cell, they were stored in a small sealed plastic bags to prevent the water loss and 

isolate the cement interface samples from contacting the air. 

 

 

Figure 7-2 Preparation of the cement-rock samples.  

Rock diameter is 21 mm and the hole size is 8 mm. Height of cement-rock samples is around 11 mm. 

 

The prepared cement-rock samples were first characterized by using micro-CT. Then, they were 

processed into specialized thin sections so they can be characterized using environmental scanning 

electron microscope. Figure 7-3 shows how the cement-rock thin sections were prepared. Steps 

shown in Figure 7-3a to Figure 7-3c, describe a standard process, which is commonly called as 

epoxy impregnation. 
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Figure 7-3 Procedure for the preparation and polishing of the composite thin sections.  

(a) place the individual samples in a container. (b) vacuum the container and then inject epoxy. (c) remove the 

container once the epoxy solidified. (d) polish the composite thin section to certain thickness. (e) is the final 

sample. 

 

7.3.2 3D characterization using micro-CT scan technique 

After curing, all prepared cement-rock samples were characterized by a SkyScan 1172 micro-CT 

scanner (Bruker 2013) located at the Department of Earth and Atmospheric Science, University of 

Alberta. Computed tomography is currently the only mature method, which can non-destructively 

investigate 3D microstructure of the materials (Withjack et al., 2003; Cnudde and Boone 2013). 

Considering the high densities of both cement and the rock, high-energy X-rays are needed for the 

scan. So copper plus aluminum filter (Cu + Al) was selected to improve the contrast of CT images 

and to reduce the beam-hardening artifact. Flat-field correction and alignment tests were performed 

before the CT scan to ensure that the CT images have high contrast with less noise.  

 

During the CT scan, the cement-rock samples were wrapped with plastic film to prevent the 

dehydration of cement. It is also important to note that CT images are created based on the 

materials density profile. Some rocks may have similar density with cement (because rocks are the 

raw materials to make cement (Stutzman, 2012)) and brings difficulties to differentiate the cement-

rock interface in CT images. Prior to injection of cement slurry, an additional CT scan of the rock 

hollow cylinder can be used to solve this problem. The CT images of rock then can be utilized as 

the reference to differentiate the cement-rock interface.  

 

Entire cement-rock sample was scanned at a resolution of 11.92 μm. Each CT scan will create 

about 1000 greyscale projection images. These images were further converted into about 1000 
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cross-section images, which are in 2000 × 2000 pixel format. The cross-section CT images were 

then imported into ScanIP, the commercial 3D visualization and analysis software (Synopsis, 

Mountain View, California, USA) to reconstruct the realistic 3D structures of the cement-rock 

interface samples. Readers can refer to Yang et al. (2019) for more detailed information regarding 

the cement CT scan and 3D reconstruction. 

 

Based on the CT images of cement-rock samples, porosity distribution in radial and axial direction 

were determined. As shown in Figure 7-4a, 10 zones which have the same volume were identified. 

Zone 1-4 are the cement zones while 6-10 are the rock zones. The cement-rock interface is in Zone 

5. Porosity distribution in radial direction, hence, can be determined based on the porosity of these 

10 zones (Figure 7-4b). As for porosity distribution in axial direction, we simply calculated the 

cement porosity from each cross-section CT images (Figure 7-4c). Rock porosity data at the same 

depth (or close depth) of the same formation, were also collected from the public database 

AccuMap (IHS Markit 2019).  

 

 

Figure 7-4 Schematic diagram of porosity distribution calculation. 

 

7.3.3 2D characterization using ESEM 

The highest resolution of our CT scan depends on how small the sample size we can prepare. The 

aforementioned 11.92 um is the highest resolution we can achieve. Higher resolution 

characterization tool is needed to capture more details regarding the cement-rock interface. 
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Scanning electron microscope (SEM) is a surface characterization equipment and can be used to 

characterize the cement features beyond the resolution of the micro-CT (Ramandi et al., 2017; 

Yang et al. 2020). Traditional SEM characterizes the samples under a high vacuum and low 

relative humidity (RH) condition (Neubauer et al., 1997; Bisschop and van Mier, 2002). This 

condition can cause significant cement shrinkage and affects the observation of cement-rock 

interface. To minimize the cement shrinkage, an environmental scanning electron microscope 

(ESEM) would probably be a more appropriate technique to use as the ESEM is able to image the 

hydrated cement interface samples at the controlled RH conditions.  

 

In this study, Zeiss EVO ESEM located in in Department of Earth and Atmospheric Science, 

University of Alberta was used to capture images of the cement-rock interface. High RH can limit 

the cement shrinkage but also substantially decrease the image quality due to the skirting effect 

(Mathieu, 1999; Podor et al., 2019). To balance the image quality and cement shrinkage, a RH of 

75% was selected. The ESEM chamber temperature was maintained at 10 ℃. The 75% RH can be 

achieved by adjusting the chamber pressure. Images were captured after the RH stabilized at 75% 

for at least 5 minutes. 

 

As shown in Figure 7-5a, ESEM images were captured at four different locations under 200× 

magnification. On each image, five yellow overlays were drawn to estimate the mean gap size 

(Figure 7-5b) by using the ImageJ software (Schneider et al., 2012).  

 

 

Figure 7-5 Illustration of where and how the gap size was measured. 
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7.3.4 CT-CFD integrated flow simulation 

The 3D models reconstructed from cement CT images are called as digital cement models (Yang 

et al., 2019; Yang et al., 2020; Vrålstad and Skorpa, 2020). These 3D models can be directly used 

as the physical models in the CFD simulation. CT-CFD integrated simulation techniques have 

recently been used to investigate the mechanical and transport properties of cement paste or rock 

(Kjøller et al., 2016; Kabilan et al., 2016; Yang et al., 2019; Vrålstad and Skorpa, 2020). However, 

for the cement-rock interface study, the permeability of cement-rock composite is more important 

than the sole cement or rock permeability. In this study, multi CT-based flow simulations were 

performed to investigate the flow transport through the cement-rock samples.  

 

Due to limit of the CT resolution, the connected pores or fractures from the tight or low-permeable 

section may not be captured. As a result, these sections were normally assumed as impermeable 

section. However, this does not fully represent the actual condition as the permeability values can 

be tested through experimental measurement. To overcome this problem, in this study we 

employed the dual-domain model (Yang et al., 2020) in the flow simulation. The dual-domain 

model treats the tight or low-permeable section as the porous domain, which is conveniently used 

to model the features that can not be practically resolved or discretized. For the detailed application 

of CT-based 3D simulation and the implementation of the dual-domain model, the readers may 

refer to Yang et al. (2019, 2020). 

 

Figure 7-6 shows the physical geometries and boundary settings of the simulation. In reality, a 

well normally penetrates through various formations, including an impermeable caprock. The 

caprock plays an important role as it significantly limits the reservoir fluid flow due to its relatively 

impermeable characteristic. Therefore, considering realistic well condition, we build the 3D 

geometries of cement-rock samples with a caprock layer at the top. As can be seen in Figure 7-6a, 

a single formation layer model can be represented by the prepared cement-rock samples. To avoid 

any confusion, we call the formation rock as reservoir rock to differentiate it from the caprock. In 

Figure 7-6a, the cement part corresponds to the Zones 1-4 shown in Figure 7-4a, while the reservoir 

rock part is Zone 6-10 shown in Figure 7-4a. Zone 5 indicates the interface part. 
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Cement, interface, reservoir rock and caprock sections in Figure 7-6a are set as porous domains 

and their porosity and permeability need to be configured before running the simulation. The 

cement used in both cases is REM cement. According to our CT analysis and permeability 

measurement, the cement porosity and permeability can be obtained. The caprock porosity and 

permeability were collected from the published shale data. The interface porosity can be inferred 

from the CT analysis results. The only unknown is the interface permeability. Since our previous 

analysis shows that the interface zone has a higher porosity than cement, so in the simulation we 

assumed that the interface has a higher permeability (0.5 mD) than the bulk of the cement. 

Depending on the rock type, the rock permeability may be lower or higher than the interface 

permeability. To cover all the possible cases, we selected the Banff and Notikewin rocks. Banff 

rock has a permeability of 1.72 mD which is higher than the assumed interface permeability. In 

contrast, Notikewin rock has a permeability of 0.07 mD, lower than the interface zone. Detailed 

porosity and permeability settings in the simulation are summarized in Table 7-2. 

 

Table 7-2 Porosity and permeability settings in the simulation. 

Section 
Banff case Notikewin case 

Porosity Permeability Porosity Permeability 

cement 1.10% 0.001 mD 1.10% 0.001 mD 

interface 1.30% 0.5 mD 1.40% 0.5 mD 

reservoir rock 7.20% 1.72 mD 4.00% 0.07 mD 

caprock 3.00% 0.0001 mD 3.00% 0.0001 mD 

 

The observed rock fractures from the CT images were also considered in the simulation as the 

largest rock fracture was included in the 3D physical geometries. The rock fracture was set as fluid 

domain. Figure 7-6b shows the boundary settings. The inlet boundary is the lateral surface of the 

rock and the outlet is the top surface of the 3D model. The pressure gradient used in the simulation 

is about 610 psi/ft and the fluid in the simulation was set as water. 

 

 



 

163 

 

 

Figure 7-6 3D physical geometry and boundary settings for the flow simulation. 

 

7.4 Results and discussion 

7.4.1 3D porosity distribution in cement-rock samples 

Figure 7-7 shows the porosity distribution of rock and cement in radial direction. X-axis is the 

Zone ID which is labeled in Figure 7-4a. Considering the resolution of CT image is 11.92 μm, 

some small pores and fractures may not be captured, which would lead to the relatively low 

porosity values.  
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                                                                            (b) Samples with GAB cement 

Figure 7-7 Radial porosity distribution in cement-rock samples. 

 

As can be seen from the Figure 7-7, for both cement and rock, there is a non-uniform porosity 

distribution in radial direction. In general, the porosities of rocks are higher than that of the cement. 

Even though we were using the same cement slurry formulation, the cement porosity distribution 

varied depending on the rock type. This means that the rock properties may affect the cement 

porosity distribution. For example, the rock permeability and wettability affects the cement-rock 

interface bonding (Nelson, 1990; Szewczyk and Opedal, 2019). The varied rock permeability and 

wettability may lead to slight dewatering of the cement slurry and results in varied cement porosity 

distribution. Nevertheless, caution must be applied when interpret the results based on the limited 

samples.  

 

There seem to be a mutual interaction process at the cement-rock interface as the cement slurry 

filtrate invasion also affects the rock porosity distribution. One example of such cement filtration 

invasion into the porous rock can be seen in Banff rock. The Banff rock has a lower porosity at the 

zone close to cement because the cement slurry may have filled the voids of Banff rocks and caused 

the decrease of the rock porosity.  

1 2 3 4 56 7 8 9 10
0.00

0.04

0.08

0.12

0.16

0.20

3
D

 p
o

ro
si

ty

Zone ID

 Banff

 Doig

 Montney

 Notikewin

 Pekisko

 Wilrich

cement porosity

rock porosity

ITZ



 

165 

 

 

One important finding was that in some samples with GAB cement, Zone 5 which entails the 

cement-rock interface, had shown significantly higher porosity than its neighboring zones. Since 

Zone 5 had contribution from both cement and rock (i.e. interface), the porosity increase in this 

zone might have been because it contained some high porosity rocks. However, we didn’t observe 

such significant porosity increase in Zone 5 of the samples with REM cement. Therefore, we infer 

the porosity increase in Zone 5 might have been mostly related to the characteristics of the cement 

microstructure at the interface.  

 

Scrivener, Crumbie, and Laugesen (2004) proposed the interfacial transition zone (ITZ) theory for 

concrete material and claimed that the ITZ leads to a local increase in porosity. Torsæter, 

Todorovic, and Lavrov (2015) extended the ITZ theory to cement material. They indicated that a 

high-porosity zone of fine-grained material builds up at the interface because it is not possible to 

pack large particles in the near-wall region as densely as they are packed in the bulk cement. The 

REM cement has a wider range of particle sizes than the GAB cement. The finer particles in the 

REM cement is likely allow improved packing at the ITZ and this might explain why the Zone 5 

in REM cement has lower porosity than the Zone 5 in GAB cement. 

 

Rock samples collected from the cemented wellbore sections also showed the existence of high 

porosity region at the cement-rock interface (Carey et al., 2007). Assuming that the permeability 

of any porous media generally correlates well with porosity of the same, we may expect that the 

permeability of the cement-rock interface zone can be higher than the bulk cement permeability. 

 

Figure 7-8 shows the cement porosity distribution in the axial direction. As the length of the 

cement-rock samples are different, dimensionless parameter “percentage of the cement length” 

was employed in the X-axis. Similar to the cement porosity distribution in radial direction, the 

porosity distribution in axial direction is also non-uniform. For both cement blends, higher porosity 

values were observed in the upper half of the sample (> 50% length), which also showed large 

porosity fluctuations. This result may be explained by the movement of the air bubbles as air 
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bubbles rose to the cement top surface and caused the upper half of the cement sample to have 

lower density. The constant porosity increase in GAB cement may be related to the particle settling. 

For the lower half of the cement plug, porosity distribution in samples with GAB cement also 

shows some fluctuations. This difference might have been contributed by the difference in the 

solids fraction of the two cement blends since the REM cement had a higher solid fraction. 

  

                                                                            (a) Samples with REM cement 

 

 

                                                                              (b) Samples with GAB cement 

Figure 7-8 Vertical cement porosity distribution in cement-rock samples. 
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Cement porosity is inversely correlated with the increasing cement density and solids fraction. 

However, the cement porosity variation in the axial direction might also have been affected by the 

gap observed at the cement-rock interface. 

 

7.4.2 Gaps at cement-rock interface 

Figure 7-9 presents several example images captured by using Environmental SEM. Since the 

resolution of the ESEM images is 0.55 μm, the boundaries of both cement and rock can be clearly 

identified. Gaps between cement and rock were observed in almost every ESEM images. Samples 

prepared using the cement blend with GAB cement seem to have larger gaps (Figure 7-9). To 

confirm this quantitatively, we measured the gap size using the ESEM images and plotted the 

results in Figure 7-10. 

 

 

Figure 7-9 Examples of ESEM images of the cement-rock samples. 
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As shown in Figure 7-10 the gap sizes in cement-rock samples are distributed non-uniformly. The 

red dash line in Figure 7-10 is the limiting resolution of the micro-CT. Most of the gaps in samples 

with REM cement were beyond the detection capability (resolution) of micro-CT. On the contrary, 

the majority of gaps in samples with GAB cement could be captured using micro-CT. 

   

                                                                            (a) Samples with REM cement 

 

                                                                         (b) Samples with GAB cement 

Figure 7-10 Measured gap size from the ESEM images of cement-rock samples. 
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Although some gaps in ESEM images fall in the detectable range of micro-CT, it does not mean 

these gaps can be fully captured in CT images. One possible reason is that the cement samples 

were slightly dehydrated during the ESEM scan as the relative humidity is lower than 100%. So 

the observed gaps in ESEM images could be different with the gaps in the CT images because the 

cement samples were sealed to avoid dehydration during the CT scan.  

 

Another reason for the observation difference might have been the small density difference 

between cement and rock leading to the low contrast of the CT images. One example is shown in 

Figure 7-11. In Figure 7-11a, the density of the cement and rock were 1.9 and 2.67 g/cc, 

respectively. The sample shown in Figure 7-11b used the same cement blend as in Figure 7-11a 

but the rock density was 2.89 g/cc. Obviously, the interface in Figure 7-11b is much clearer than 

in Figure 7-11a. The other possible reason for missing the gaps in CT images might have been the 

partial volume effect (Kato et al., 2013) induced by inherent resolution limitations of X-ray micro-

CT. Due to the partial volume effect, the boundaries of cement and rock were blurred, which would 

make it very difficult to detect the gap. 

 

 

Figure 7-11 Contrast of CT images depends on the density difference between cement and rock. 
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Although we did not find any circumferential gap from CT images, we did observe several spots 

with gaps (voids) from the CT images, as shown in Figure 7-12. The gaps are all located at the 

near surface positions. The gap size changed along the axial direction and more importantly, the 

length of gap in the axial direction is very limited. For the gaps marked in Figure 7-12, we 

measured the change of their size along the axial direction and the results are shown in Figure 7-

13. 

 

 

Figure 7-12 Observed gaps in CT images of cement-rock samples. 

 

Figure 7-13 shows the gaps observed in CT images are much bigger than the gaps observed in the 

ESEM images (Figure 7-10). There is a significant gap size change from the near surface level to 

a deeper level and at about 0.2 mm distance from the surface, the gap was completely vanished. 

The significant gap size change might have been caused by the uneven surface of the rock inner 

wall surface. Bachu and Bennion (2009) indicated that the presence of a through-going annular 

gap and/or cracks in the order of 10–300 μm in aperture leads to a significant increase in effective 

permeability in the range of 0.1–1 mD. However, the gaps shown in Figure 7-13 have poor 

connectivity as they didn’t break through the sample in the axial direction. Therefore, these gaps 

are not likely to induce significant leakage. Although these locally distributed gaps may have 

limited impact on the short-term permeability, they may function as the starting point of chemical 

attack and thus jeopardize the long-term wellbore integrity. 
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Figure 7-13 Change in the size of the gap width between cement and rock versus depth. 

0 mm depth level represents the sample surface. 

 

Table 7-3 summarized the average gap size calculated using the data shown in Figure 7-10. What 

stands out in the table is the gap size was significantly reduced in the samples using REM cement. 

The data in the last column was defined as the gap reduction rate (GRR). Closer inspection of the 

table shows the gap reduction rate also seems to be related to rock properties. 

 

Table 7-3 Average gap size of samples prepared using abandonment blends w/wo expansion agents. 

Rock 
Samples with GAB cement 

(𝐿𝐺𝐴𝐵) /μm 

Samples with REM cement 

(𝐿𝑅𝐸𝑀 ) /μm 
𝐿𝐺𝐴𝐵 − 𝐿𝑅𝐸𝑀 /μm 

𝐿𝐺𝐴𝐵−𝐿𝑅𝐸𝑀

𝐿𝐺𝐴𝐵
 /μm 

Banff 11.78 5.26 6.52 55% 

Doig 14.16 11.32 2.84 20% 

Montney 16.78 10.54 6.24 37% 

Notikewin 15.77 11.13 4.64 29% 

Pekisko 13.94 11.49 2.45 18% 

Wilrich 13.07 6.14 6.93 53% 
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7.4.3 Rock properties versus gap reduction rate.  

Figure 7-14 are the photomicrographs of the formation rocks. The details of the rock lithology 

were summarized in Table 7-1. From the Alberta Formation Map (Alberta Geological Survey 

2019), the lithology of Wilrich Formation is identified as ‘shale or mudstone’. However, according 

to our photomicrographs, the rock core samples at the elevation we collected from the Wilrich 

Formation are siltstone. These formations vary in lithologic properties throughout their depth, and 

therefore, for cement-rock interface study, confirmation of the rock lithology throughout the 

formations should be a mandatory step. 

 

   
Banff Doig Montney 

   
Notikewin Pekisko Wilrich 

Figure 7-14 Photomicrographs of formation rock thin sections. 

 

Table 7-4 summarized the rock properties and the gap reduction rate extracted from Table 7-3. 

Results shown in previous sections point out the gap reduction rate may be related to rock 

properties. In Table 7-4, we have three columns of the quantified rock properties: bulk density, 

porosity from AccuMap and porosity from CT images. Here comes a question: Does rock density 

or porosity affect the gap increase? To answer this question, we have made three plots shown in 

Figure 7-15. 
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In Figure 7-15, linear curve fittings were performed and the R-squared of each plot was calculated. 

R-squared of correlation between gap reduction rate and rock density is higher than the other two 

(i.e. porosity from field measurement and CT analyses). This implies that the gap size reduction 

due to optimization of the cement blend becomes more effective with the low rock density. 

Baumgarte et al. (1999) pointed out that the rock stiffness affects the cement-rock interface 

integrity. We didn’t measure the rock stiffness in our study, however, the rock Young’s modulus, 

which controls the rock stiffness was proven to have direct correlation with the increasing rock 

density (Ashby and Cebon, 1993). Overall, these findings suggest that there is a strong link 

between the rock properties and the integrity of cement-rock interface. 

 

Table 7-4 Formation rock properties with gap reduction rate. 

Sample Lithology 
Bulk density 

g/cc 

Porosity from 

AccuMap 

Porosity from 

CT 

Gap reduction 

rate (GRR) 

Banff dolostone 2.15 7.20% 10.10% 55% 

Doig sandstone 2.89 1.10% 3.10% 20% 

Montney siltstone 2.67 4.20% 6.90% 37% 

Notikewin siltstone 2.43 4.00% 4.80% 29% 

Pekisko limestone 2.82 0.90% 4.00% 18% 

Wilrich siltstone 2.66 3.50% 7.10% 53% 

 

 

 

Figure 7-15 Correlations between gap reduction rate and rock properties (porosity and density). 
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7.4.4 CFD simulation results of water flow through cement-rock samples 

Figure 7-16 shows the simulation streamlines of the water flow through the cement-rock samples. 

The color of the streamlines represents the velocity. Flow rate across different sections of the 

cement-rock samples was calculated and listed in Table 7-5. For the Banff single layer case (Figure 

7-16a), the reservoir rock fracture connected the inlet and outlet, and therefore the velocity in the 

reservoir rock fracture and reservoir rock matrix varied several orders of magnitude. Under this 

circumstance, most of the flow occurs through the reservoir rock fracture. For the flow through 

the other sections, the flow rate depends on many parameters and can be explained by the Darcy’s 

law: 

 

𝑄 = −
𝐴𝑘

𝜇

∆𝑃

∆𝑥
        Eq. (7-1) 

 

where ∆𝑃 is pressure difference between inlet and outlet, ∆𝑥 is the distance between inlet and 

outlet, 𝜇 is the viscosity, 𝑘 is the permeability and 𝐴 is the cross-sectional area of the flow channel. 

Longer flow path (higher ∆𝑥) leads to lower pressure gradient and results in lower flow rate 𝑄. 

For example, cement part is at the center and the distance between inlet and outlet is the longest, 

when other parameters are constant, flow rate through cement part is lowest. Besides, cement 

permeability is lower than the permeability of reservoir rock and interface. This explains why flow 

rate of cement, shown in Table 7-5, is lowest in this case.  

 

Table 7-5 Flow rate across different sections of the cemented rock sections of the wellbore. (unit: m3/year) 

Section name 
Banff case Notikewin case 

single layer with caprock single layer with caprock 

cement 3.17×10-5 1.56×10-5 2.75×10-5 1.88×10-5 

interface 4.69×10-3 1.65×10-3 4.29×10-3 2.31×10-3 

reservoir rock 0.30 - 1.22×10-2 - 

reservoir rock fracture 90.56 - - - 

caprock - 2.01×10-6 - 2.42×10-6 
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For the Banff rock with caprock case (Figure 7-16b), the existence of the low permeable caprock 

changed the distribution of the streamlines. Although the reservoir rock has a larger permeability 

than cement, the low permeable caprock forced the flow through the relatively high-permeable 

interface zone. So the majority of the streamlines are distributed through the interface in this case. 

Table 7-5 also shows that most of the flow is through the interface.  

 

For the Notikewin rock single layer case (Figure 7-16c), the reservoir rock fracture does not 

connect to the outlet, and it actually functions as an isolated fracture. Under this circumstance, the 

shortest flow path between the inlet and outlet is through the reservoir rock matrix. So even though 

the rock in this case has lower permeability than the interface zone, the main flow is through 

reservoir rock. Since the interface has the higher permeability, the slopes of the streamlines 

increase when they get through the interface. 

 

Figure 7-16d shows the results of the Notikewin with caprock layer case. The influence of the 

caprock on the streamline distribution is the same as what we have seen in the Banff case: highest 

flow occurs through the interface. From these two case studies, we found that the rock fracture 

propagating to the surface generates the highest leakage. An intact caprock could limit the flow 

through rock itself. In this case the interface will be the relatively high permeable zone and also 

provides the shortest flow path for the fluid leakage. So when an intact caprock exists, the cement-

rock interface is more prone to leakage regardless of the permeability of the reservoir rock. 
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Figure 7-16 Streamlines of the Banff and Notikewin samples with expansion agent. 

 

7.5 Conclusions 

In this study we have characterized the microstructure of cement-rock samples at microscale by 

using microscope, micro-CT and ESEM.  

 

Based on the analyses of the CT images, we have determined the radial porosity distribution in the 

cemented rock samples, which revealed that the interface zone had higher porosity than its 
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neighboring zones. CT-based flow simulation study implies the cement-rock interface is more 

likely to provide the leakage pathway when intact caprock exists.  

 

Gaps were observed at the cement-rock interface through ESEM images. The gap size was 

significantly reduced by optimizing the cement chemistry. The size of the gap between cement and 

rock varied depending on the rock properties such as rock density and porosity. The gap size 

reduction rate decreased with the increasing rock density.  

 

Further studies will focus on to experimentally measure the permeability of cement-rock samples. 

More realistic sample geometries including the casing-cement-rock interfaces will also be 

investigated.  

 

7.6 Appendix A-CT images of rocks with and without cement 

 

 

Figure 5A-1 CT images of Banff rock with and without cement. 
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Figure 5A-2 CT images of Doig rock with and without cement. 

 

 

 

Figure 5A-3 CT images of Montney rock with and without cement. 
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Figure 5A-4 CT images of Notikewin rock with and without cement. 

 

 

Figure 5A-5 CT images of Pekisko rock with and without cement. 
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Figure 5A-6 CT images of Wilrich rock with and without cement. 
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Chapter 8 Characterization of the Microstructure of the Casing-

cement-casing Samples Using Micro CT Scan Technique 

 

8.1 Introduction 

Cement sheaths between the production casing and surface casing is an important component of 

the wellbore barrier system and essential for overall well integrity. Failure of the cement sheaths 

in between the casings can cause the surface casing vent flow (SCVF). Characterization of the 

microstructure of the cement sheath in between casings can help with better design of the cement 

job and thus help avoiding cement sheath failure in this case.  

 

Microannulus formation is one of the cement sheath failures. The cement sheath located in between 

two casings has two interface geometry: the concave cement surface (cement-inner casing 

interface) and the convex cement surface (cement-outer casing interface). Torsæter et al. (2015) 

indicated that the microstructure at the two cement-casing interfaces are different. Most of the 

studies only focus on one interface, either the cement-inner casing interface or the cement-outer 

casing interface. The characterization of the microstructure of the convex cement-casing interface 

has been discussed in Chapter 6. Bachu and Bennion (2009) studied the leakage potential through 

convex cement-casing interface. Nath et al. (2018) investigated the cement-casing bonding using 

digital image correlation. 

 

To date, there are few studies that have investigated the microstructure of the two cement-casing 

interfaces of a cement sheath. Based on the laboratory testing and field operations, Rusch et al. 

(2004) studied the performance of the pressure-activated sealant on sealing the microannulus 

channels in the cement sheath. Li et al. (2020) presented experimental and numerical investigations 

of the emergence and development of the cement sheath microannulus generated by the cumulative 

plastic strain.  
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In order to have good understanding of the microstructure of the cement-casing interfaces under 

more realistic conditions, it is better to work with one sample allowing to investigate the 

microstructure of the both cement-casing interfaces simultaneously. This is the main objective of 

this study. 

 

8.2 Materials and methods 

8.2.1 Preparation of the casing-cement-casing samples 

As shown in Figure 8-1, two 304 stainless steel pipes in different sizes were used to simulate the 

casings. The inner pipe (OD: 9mm, Wall thickness: 0.2 mm) is the same one used for cement-

casing sample preparation. The outer pipe (OD: 11.4 mm, Wall thickness: 0.3 mm) is a slightly 

thicker pipe. Both pipe were cut into short sections of 4 mm length. Cement will be injected at the 

annulus between two pipes. It is noteworthy to mention that field practice calls for the cement 

sheath OD/cement sheath ID to be around 1.26. In this work, the ratio is about 1.27, which is close 

to the expected value.  

 

 

Figure 8-1 Dimensions of the casing pipes. 

 

Two cement blends were investigated in this study. One blend is the Class G cement with an 

expansion agent (GEX). The expansion agent used in the cement is less than 2% BWOC. The other 

one is a novel abandonment blend (REM) with engineered chemistry to minimize permeability, 

improve chemical resistance and show no chemical shrinkage.  
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The cement slurry was mixed according to API standard 10A and the slurry was then injected into 

the pipe annulus. Figure 8-2 shows the slurry injection process. As the annulus ring size is about 

1.2 mm, a special tool should be used to perform the injection. A syringe was used in this study to 

inject the cement slurry. A small needle was also utilized to tap the slurry to minimize the air voids 

in the annulus. 

 

 

Figure 8-2 Injection of cement slurry into the annulus between casing pipes. 

Electrical tape were used to seal both the top and bottom surface of prepared samples. The 

electrical tape has a good bond to the stainless-steel pipe, and this bond can be also used to 

centralize the inner pipe.  

 

The casing-cement-casing samples were conditioned at ambient temperature (~21 °C) and cured 

in water under 50 ℃ and 1500 psi for 7 days. After curing, the samples were wrapped with plastic 
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film to minimize dehydration. Considering the smaller annular ring size (1.2 mm), any polishing 

process, such as the thin section process, will damage the samples with no doubt. Therefore, these 

casing-cement-casing samples were only characterized by using the micro-CT technique, which is 

non-destructive to the samples. 

 

8.2.2 Characterize the samples using micro-CT 

The casing-cement-casing samples were scanned vertically using micro-CT, as the vertical CT 

scan can reduce the beam-hardening artifacts. The highest resolution of the CT image depends on 

the size of the outer casing. In this study, all samples were scanned at a resolution of 5.96 μm. One 

example of the cross-sectional CT image is shown in Figure 8-3a. Compared to the CT images of 

cement-casing samples shown in Figure 8-3b, two light white lines exist both at the top and the 

bottom parts of the samples. This is an unexpected result. The light white lines are probably 

artifacts rather than the real structure. To confirm our speculation, we conducted two CT scans (as 

shown in Figure 8-4).  

 

    

                         (a) casing-cement-casing sample                                       (b) cement-casing sample 

Figure 8-3 CT image of casing-cement-casing sample. 
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For the first CT scan, the sample was scanned vertically as usual. The top position was labeled 

using a marker. For the second CT scan, everything is the same except the sample is rotated 90° 

clockwise. CT images were reconstructed after the CT scan and two examples are shown in Figure 

8-4. It is apparent that both CT images have similar characteristic: two light white lines exist in 

both top and bottom surface, and the remaining parts of CT images don’t have the light white lines. 

This result verifies that the light white lines are artifacts rather than the real structure.  

 

 

Figure 8-4 Two CT scans on the same casing-cement-casing sample. 

 

Another observed artifact exists in the cement annulus. As can be seen from the Figure 8-5a, there 

is a dark ring in the middle part of the cement annulus. The dark ring is the artifact because the 

horizontal CT scan (Figure 8-5b) on the sample didn’t exhibit the same feature. Further observation 

also shows that only a few CT images have the dark ring. The dark ring would affect the cement 

porosity distribution calculation. Therefore, the CT images with dark rings should be excluded 

from the calculation. 
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                                     (a) vertical CT scan                                             (b) horizontal CT scan 

Figure 8-5 Vertical and horizontal CT scan on the sample. 

 

8.2.3 Calculation of the porosity distribution in radial and axial direction 

The porosity of the cement matrix can be calculated by using the CT images. The cross-sectional 

CT images were optimized before the porosity calculation. Basically, the casing pipes and white 

line artifacts were removed from the CT images, so there is only cement matrix in the processed 

CT images. One example of the processed CT image is shown in Figure 8-6. 

 

 

Figure 8-6 Processed CT image after removing casings and white line artifacts. 
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The cross-sectional CT images can be directly used to calculate the porosity distribution in an axial 

direction (along the casing length). The porosity calculated in an axial direction is, therefore, 2D 

porosity, as it is calculated from the 2D image.  

 

For radial porosity distribution, the ideal process is to divide the cement sheath into annular 

subsections and calculate the porosity of subsections. However, due to the artifacts, both the top 

and bottom parts of the cement sheath were removed and the current cement sheath was separated 

into two parts. Besides, the divided subsections should have the same volume, and this is hard to 

achieve when the cement sheath does not have a regular shape.  

 

In this study, we have employed a method of cement radial porosity calculation proposed by 

Lavrov et al. (2018). As shown in Figure 8-7, an inscribed rectangular area was labeled in the 

cement sheath and it was divided into five subsections, which has the same volume. As the annular 

ring size of cement sheath may vary from sample to sample, the width of rectangular area is also 

changed. The width of the subsection is between 178-208 μm. The length is fixed at 1895 μm. 

Porosity calculated from each zone is 3D porosity. 

 

 

Figure 8-7 Calculation of  the porosity of bins distributed in radial direction. 
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8.3 Results and discussions 

8.3.1 Porosity distribution in the axial direction 

The results of porosity distribution in the axial direction are shown in Figure 8-8. Two samples of 

each cement blend were analyzed. Although the casings all have a length of 4 mm, the length of 

the cement sheath column is varied. Therefore, for the x-axis in Figure 8-8, the dimensionless 

length parameter ‘percentage of the cement length’ was used. 
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Figure 8-8 Axial porosity distribution of casing-cement-casing samples prepared using cement blends REM 

and GEX. 
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For samples prepared using REM cement, the porosity distribution in the axial direction is not 

uniform. The 2D porosity decreases from top to bottom surface of the cement sheath column. This 

trend is most likely caused by the density gradient observed in the side view cross section CT 

images. As can be seen from Figure 8-9, the left picture shows a side view of the cross-sectional 

CT image of the REM#1 sample, and the right picture is the enlarged view of the area marked in 

red. The enlarged view shows that the color of the cement is changing in the vertical direction, as 

cement at a lower level has a brighter color than the cement at the upper level. In the CT image, 

color represents the density, brighter color means higher density. So we can see that there is a 

density gradient in the vertical direction and the low density cement is located at the top part. 

Therefore, the porosity should be higher at the top. The density gradient may be explained by the 

particle settling (due to gravity) in the cement slurry causing the upper half of the cement sample 

to have lower density. 

 

 

Figure 8-9 Density gradient in axial direction. 

 

For a sample prepared using GEX blend, there is a rapid porosity increase in sample #2. The rapid 

porosity increase is caused by the uneven top surface of the cement sheath. The existence of the 

uneven top surface indicates that the volume of the injected cement slurry is smaller than the 

expected. Some air bubbles (see Figure 8-10) might have been entrapped in the cement slurry and 
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the high pressure in the curing cell might have compacted the cement slurry and squeezed the air 

bubbles out of the sheath, and lead to the uneven cement top surface. 

 

 

Figure 8-10 Large voids in the cement sheath. 

 

8.3.2 Porosity distribution in radial direction 

Figure 8-11 presents the results of the radial porosity calculations. Large fluctuations of the 

porosity in radial direction were observed. As shown in Figure 8-6, Zone 1 is close to the inner 

casing and the Zone 5 is close to the outer casing. For all four samples, regardless of the cement 

type, the highest porosity was found in Zone 2 or Zone 3, which indicates that the high porosity 

region is not located in the near-wall zone.  

 

However, it is apparent for all four samples, the porosity of the Zone 1 is always lower than the 

porosity of the Zone 5. This implies that the outer casing near-wall zone has a higher porosity than 

the inner casing near-wall zone. This porosity difference might have been caused by the gap that 

existed at the cement-outer casing interface. More details of the annular gap (i.e. micro channel) 

characteristics will be discussed in the next section. 
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Figure 8-11 Cement porosity distribution in the radial direction. 

 

8.3.3 Cement-Casing annular gap size change in the axial direction 

Bonding between the cement and casing affects the integrity of the interface. Annular gaps were 

observed at the cement-casing interface in all samples. Examples of annular gaps were presented 

in Figure 8-12. All samples show a number of common key features.  

 

Firstly, the location of the gaps were close to the bottom surface. There are about 671 cross section 

CT images in the sample’s axial direction. Images shown in Figure 8-12 are two examples of the 

671 CT images and they their locations were near the bottom surface. 

 

Secondly, the gaps were mostly located at the interface between the cement and the outer casing. 

No gaps were observed at the interface between cement and the inner casing. This finding is 

consistent with previous research (Torsæter et al., 2015a), which indicated that the cement shrunk 

toward the inner casing and thus the inner case interface showed better bonding. 
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The last similarity is that all gaps have limited connectivity in the axial (vertical) direction. This 

finding was obtained from the analysis shown in Figure 8-13. 

 

(b) GEX  #1(a) REM #1
 

Figure 8-12 Gaps at the cement-casing interface (outer casing). 

 

Figure 8-13 shows how the gap size change in the axial direction. 4 mm depth means the bottom 

surface of the casing-cement-casing sample. From Figure 8-13, we can see that the width of the 

gap varied from sample to sample. The maximum gap size was observed in the REM #1 sample, 

which is larger than 80 m. The gap in REM #1 vanished at a depth of around 3.88 mm. Although 

the GEX #1 sample has a smaller maximum gap size, contrary to REM#1, the gap developed 

bigger at the deeper depth from the top surface of the sample. 
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Figure 8-13 Gap size versus depth (along the axial direction). 

8.4 Conclusions 

Compared to the cement-rock sample or cement-casing sample, casing-cement-casing sample has 

a more complex structure. The small annular ring size makes the cement column fragile and 

therefore, cannot be further processed into thin sections. Moreover, for casing-cement-casing 

samples, artifacts have more influence over the characterization work. Special treatment should be 

applied to analyze the porosity distribution in the radial direction. 

 

The density gradient caused the non-uniform porosity distribution in the vertical direction, and 

caused the cement has an increasing trend of porosity from the bottom surface to the top surface. 

Sample preparation has a significant impact on the microstructure of the samples. The uneven top 

surface and entrapped air bubbles in the cement sheath can cause rapid porosity increase in vertical 

direction. 

 

Although radial porosity distribution has large fluctuations, all analyzed samples shown that the 

outer casing near-wall zone has a higher porosity than the inner casing near-wall zone. Gap 

observation also show that the inner cement-casing interface have a better bonding than the outer 

cement-casing interface. The better bonding at the inner casing might be caused by the cement 



 

194 

 

shrinkage because cement shrunk toward the inner casing and therefore, improved, the bonding 

quality of inner cement-casing interface. 
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Chapter 9 Characterization of the Microstructure of the Rock-

cement-casing Samples Using Micro CT Scan Technique 

 

9.1 Introduction 

Microstructure of the cement-rock and cement-casing interfaces involved in the most complex 

rock-cement-casing system has been investigated using micro CT scan technique and the results 

are presented in this chapter. 

 

Several numerical and theoretical studies have been conducted to investigate the rock-cement-

casing systems. Lavrov (2018) developed a finite-element model and investigated the effect of 

cement and rock stiffness on the well integrity under thermal loading and under changing far-field 

in-situ stress conditions. Gheibi et al. (2019) used a modified discrete element method to model 

the formation of radial fractures under pressure testing of rock-cement-casing system. The 

modified discrete element method was calibrated by using the experimental results. Effect of the 

confinement and rock tensile strength on the radial fracture development were investigated. Based 

on the classical  Mohr-Coulomb yield criterion, Chu et al. (2015) built a theoretical model, which  

considered the interaction amongst the casing, the cement sheath and the formation. They were 

able to estimate the size of the micro-annulus using this model. Zhang et al. (2017) established an 

analytical model, which simulated the casing, the cement sheath and surrounding rocks as multi-

layer cylinders and used thermoelastic, elastoplastic and poroelastic theory to analyze each section, 

respectively. This model considered the interaction of the casing, cement sheath and surrounding 

rocks under the effects of the inner casing pressure and the outer radial far-field in-situ stress and 

the resultant debonding of the cement-rock, cement-casing interfaces. This model also considered 

the change of casing pressure, temperature and pore pressure due to cyclic injection and production 

operations.  

 

However, only a few studies have experimentally investigated the microstructure of the composite 

rock-cement-casing samples. Mito et al. (2015) prepared composite wellbore samples using J-55 
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steel casing, Class A cement and Tago Sandstone to model a well at a CO2 geological storage site. 

De Andrade et al. (2016) built a laboratory setup to study the cement-sheath-failure mechanisms 

during thermal cycling with downscaled samples of rock, cement, and pipe. Their setup allowed 

for conducting tests with different combinations of rock casing and cement. More importantly, 

they were able to visually inspect the cement-casing, cement-rock interfaces by using three-

dimensional X-ray CT measurements. However, resolution of their measurements were limited by 

the dimensions of their experimental apparatus.  The resolution of the CT characterization varied 

between 100 μm to 200 μm in this case. However, in order to have a closer look at the interfaces 

involved in rock-cement-casing systems, higher resolution characterization is needed. In this study, 

we have prepared small scale rock-cement-casing samples (RCC samples) allowing us 

microstructure characterization by using CT at a resolution of 11.92 μm. 

 

9.2 Materials and methods 

9.2.1 Preparation of the rock-cement-casing samples 

Rock samples were collected from five different Alberta formations: Banff, Doig, Notikewin, 

Pekisko and Wilrich. The collected rock cores were processed into hollow cylinders. Some 

processed hollow rock cylinders are shown in Figure 9-1. Rock lithology information is 

summarized in Table 9-1. It can be seen from the data in Table 9-1 that the collected rock samples 

cover a wide range of rock types.  

 

Figure 9-1 Hollow formation rock cylinders. 
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Table 9-1 Rock lithology of the collected formation samples. 

Formation 
Lithology from Alberta Table of Formations 

 (Alberta Geological Survey 2019) 
Actual lithology 

Banff limestone or dolostone Dolostone 

Pekisko limestone or dolostone Fossiliferous limestone 

Doig sandstone or siltstone Quartzose very-fine-grained sandstone 

Notikewin sandstone or siltstone Quartzose sandy siltstone 

Wilrich shale or mudstone Quartzose coarse-grained siltstone 

 

A 316 stainless steel tubing was used to prepare the downscaled casing pipe. From the field 

practice, the ratio between cement sheath OD and ID should be around 1.26. Hole diameter in the 

rock samples were more or less constant, which dictated the OD of the casing as well. The 316 

stainless steel pipe was the most suitable pipe readily available in this case. Considering the hollow 

rock cylindrical samples were slightly different in length, the 316 pipes were cut into short sections 

with different length (Figure 9-2). 

 

 

Figure 9-2 Short casing sections machined from 316 stainless steel tubing pipes. 

 

The OD of the casing was 6.35 mm (1/4 inch) and the rock hole size was 7.93 mm (5/16 inch). 

This combination resulted in a do/di ratio of 1.25. Two cement blends were investigated in this 

study. One blend is the Class G cement with an expansion agent (GEX). The expansion agent used 

in the cement is less than 2% BWOC. The other one is a novel abandonment blend (REM) with 
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engineered chemistry to minimize permeability, improve chemical resistance and show no 

chemical shrinkage.  

 

The cement slurry was mixed according to API standard 10A. The bottom surface of the rock 

hollow cylinder was sealed by the electrical tape. To centralize the casing, the pipe was stuck to 

the electrical tape sealing the bottom end of the rock. The cement slurry was then injected into the 

annulus between the pipe and rock. As the annulus ring size is about 0.79 mm, a syringe was used 

to inject the cement slurry. A small needle was also utilized to tap the slurry to minimize the air 

voids in the annulus. Figure 9-3 shows the cemented samples.  

 

 

Figure 9-3 Preparation of the rock-cement-casing samples. 

 

It was also observed that the rheology of the cement slurry also affects uniformity of the sample 

preparation. Attention should be paid when injecting cement slurry into the annulus, as the slurry 

may not completely fill the annulus. 
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The rock-cement-casing samples were cured in water under ambient temperature (~21 °C) and 

1500 psi for 7 days. After curing, the samples were wrapped with plastic film to minimize 

dehydration. Considering the smaller annular ring size (0.79 mm), any polishing process for taking 

SEM pictures will damage the samples. Therefore, these rock-cement-casing samples were only 

characterized by using the micro-CT technique, which is non-destructive to the samples. 

 

9.2.2 Characterization of the rock-cement-casing (RCC) samples using micro-CT 

After curing, the prepared RCC samples were characterized by using the micro-CT. The resolution 

of the CT images was 11.92 μm. RCC samples have a complex structure. This is not only because 

these samples consist of three different materials (i.e. cement, rock and metal pipe), but also. the 

316 stainless-steel pipe has a relatively thicker wall than the 304 pipe (which was used for cement-

casing sample preparation). Therefore, special attention had to be paid when scanning the RCC 

samples. High energy X-ray should be used by adjusting scan filters.  

 

CT images are created based on the material’s density profile. When the cement and rock have 

significant density difference, the interface between them can be easily identified. For example, 

Figures 9-4 a and b show the CT images of Pekisko rock. Pekisko rock has a density of around 

2.82 g/cc, whereas the density of REM and GEX cement are 1.75 g/cc and 1.90 g/cc, respectively. 

As the density difference between Pekisko rock and REM cement (Figure 9-4a) is higher than that 

of Pekisko rock and GEX cement (Figure 9-4b), the cement-rock interface in Figure 9-4a can be 

seen much more clearly than the cement-rock interface in Figure 9-4b.  
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Figure 9-4 CT images Pekisko rock samples cemented by different cement blends. 

 

9.2.3 Calculation of the porosity distribution in radial and axial direction 

Radial and axial porosity distributions were calculated based on the CT images. For radial porosity 

distribution, we have employed a method of cement radial porosity calculation proposed by Lavrov 

et al. (2018). As shown in Figure 9-5, five rectangular area were marked in the cement sheath. The 

width and length of the rectangles are 143 μm and 715 μm, respectively. The 2D rectangles were 

then converted into cuboids and the porosity of each cuboid was calculated. Thus the calculated 

radial porosity is the 3D porosity.  

 

 

Figure 9-5 Calculation of  the radial porosity distribution in the cement sheath. 
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Porosity distribution in the axial direction was also calculated. A yellow square was drawn in 

Figure 9-6a, the porosity of the yellow square in each cross-sectional CT image was calculated. 

Appendix A presents the 3D reconstruction results of the prepared samples. From Appendix A we 

can see that the length of the cement sheath column varied from one sample to other. One example 

is shown in Figure 9-6b, because of the existence of air voids, the length of the cement sheath is 

smaller than the length of the hollow rock cylinders. Under this condition, the axial porosity 

distribution was calculated only at the fully cemented section of the sample (marked between the 

two yellow arrows). 

 

 

Figure 9-6 Calculation of the axial porosity distribution of the cement sheath. 

 

9.3 Results and discussion 

9.3.1 Radial porosity distribution 

Figure 9-7 shows the porosity distribution in the radial direction. In general, porosity in radial 

direction has an increasing trend from the cement-casing interface to cement-rock interface. For 

all samples, porosity close to the cement-rock interface is higher than the porosity close to the 

cement-casing interface. Also, it seems that the porosity of the samples prepared using GEX 

cement is higher than the porosity of the REM samples. 
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                                                                                              (b) GEX 

Figure 9-7 Porosity distribution in the radial direction. 
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9.3.2 Axial porosity distribution 

The porosity distribution in the axial direction significantly fluctuated (Figure 9-8). The upper half 

of the samples have more significant porosity fluctuations than the lower half, especially for 

samples prepared using GEX cement. When compare the porosity distribution in GEX and REM 

samples, it is apparent that the average cement porosity of GEX samples is higher than the porosity 

of the REM samples. These results are also in line with the results obtained from the radial porosity 

distribution analyses. 
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                                                                                               (b) GEX 

Figure 9-8 Porosity distribution in axial direction. 



 

204 

 

 

9.3.3 Annular gap size change in the axial direction 

Examples of annular gaps observed in CT images are presented in Figure 9-9. Side view CT images 

provide a good way to observe the annular gap at the interface. Surprisingly, all the observed gaps 

are located at the cement-rock interface. More importantly, annular gaps were observed only in 

GEX samples. Unlike the annular gaps at the bottom surface of the cement-casing samples, for 

RCC samples, the annular gaps were found in many different locations: the top surface, the bottom 

surface and even in the middle section of the sample. For instance, gap #1 was located at the bottom 

surface but gaps #2 and 3# were located at the top surface and middle section, respectively. 

 

 

Figure 9-9 Annular gaps at the casing-cement-rock interfaces. 

 

Annular gap size change along the axial direction was also measured and summarized in Figure 9-

10. In this figure zero depth means the top surface. For the gaps observed at the bottom surface, 

the gap extension was very short in the axial direction and the size of the gap was very small 

compared to the gap observed in the other positions. The maximum gap size was observed in gap 
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#2, which was around 520 μm in the radial direction. This is the largest gap size we have ever 

observed in all kinds of samples investigated.  

 

There were two similarities amongst these three gaps. On the one hand, before reaching the 

maximum gap size, the gap size was gradually increasing with increasing depth along the axial 

direction. However, once it reached to the maximum size, the gap rapidly decreased to a smaller 

size and then eventually vanished. The extension of the gap is limited which means these gaps are 

only local micro channels. On the other hand, even in the smallest size gap (#1), the maximum gap 

size, was still higher than the maximum size of the gaps observed in the cement-casing samples. 
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Figure 9-10 Gap size change along the axial direction of Banff and Pekisko samples. 

Gap #1 is in Pekisko rock. Gap #2 and Gap #3 are in Banff rock. 

 

9.4 Conclusions 

One of the most significant findings in the rock-cement-casing samples is the porosity at the 

cement-casing near zone is higher than the porosity at the cement-rock near zone. This result is 

valid independent of rock type. The gaps observed at the cement-rock interface also supports this 

finding.  
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The annular gap size observed at the cement-rock interface is significantly larger than that of the 

gaps observed at the cement-casing interface. Two similarities were found among the gaps at the 

cement rock interface. i) The extension of the gap is limited which means these gaps are only local 

micro channels. ii) the gaps observed at the cement-rock interface is larger than the gaps at the 

cement-casing interface. 

 

9.5 Appendix A-3D reconstruction results of rock-cement-casing samples 

 

Figure 9A-1 3D models of Pekisko rock with REM and GEX cement. 

 

 

Figure 9A-2 3D models of Banff rock with REM and GEX cement. 
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Figure 9A-3 3D models of Notikewin rock with REM and GEX cement. 

 

 

Figure 9A-4 3D models of Wilrich rock with REM and GEX cement. 
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Figure 9A-5 3D models of Doig rock with REM and GEX cement. 
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Chapter 10 Conclusions and Recommendations 

 

10.1 Conclusions 

The main conclusions and findings of the presented work were summarized in this chapter. In 

previous chapters, all concluding remarks were already discussed. Therefore, the aim of this 

chapter is to provide a concise review of the results and discussions that have been extensively 

discussed in previous sections.  

 

10.1.1 Executive summary 

A comprehensive experimental and numerical study was performed to investigate the 

microstructure of varied types of potential leakage pathways of a well. Based on the analysis results, 

following conclusions can be offered: 

• At the micron scale (2-34 µm), non-uniform porosity distribution in the cement sample was 

observed, which caused the permeability disparities at different locations. The minimum 

size of the representative volume element (REV) should be determined on a case-by-case 

basis. For early age well cement, there is a linear correlation between the cement 

permeability and the effective porosity.  

• Average effective porosity values calculated from the REV can be introduced into a 

generalized porosity and permeability correlation curve to determine the permeability of 

the cement sample.  

• The permeability of neat early-age cement is close to the permeability of tight sandstone 

formations. The linear relationship between porosity and permeability of neat early-age 

well cement samples in semi-log plot indicates its permeability behavior will approach to 

that of shale if the hydration process of cement is continued. 

• After uniaxial compressive loading, pre-peak cement samples shows that 90% of the 2D 

fractures have length and width smaller than 100 μm and 5 μm, respectively. Although 

higher compressive stress reshaped the 3D fractures and increased the fracture length and 

width, no well-propagated fractures were observed. 
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• After uniaxial compressive loading, post-peak cement samples exhibit distinctly visible (> 

0.1 mm) well-propagated fractures were generated but failed to penetrate the entire sample, 

therefore, the effect of stress-induced fractures (up to 1.0% strain) on cement sample’s 

permeability is limited. 

• CT-based 3D visualization and simulation both show that the inclusion of a correctly 

engineered fiber additive is able to blunt the fracture propagation in cement samples.  

• Cement fractures created by the monotonic compressive stress (up to the limit of uniaxial 

compressive strength, UCS), are not likely to form continuous leakage pathways. This is 

because the 2D fractures in cement matrix as shown by SEM images are in limited 

dimensions while the 3D fractures in cement matrix observed from CT-based 3D models 

have poor connectivity, generally indicating that leakage pathways of significant 

permeability would not form as a result of compressing the cement samples up to their 

UCS limit.  

• Any significant change in the relative humidity (RH) of the environment during the cement 

preparation, curing and testing process significantly affects the size of the gap at the cement 

-casing interface in test samples.  

• Analyses of the ESEM images have shown that the 2D non-uniform gap size between the 

cement and the casing is inversely proportional to the change in the RH of the environment.  

• Cement sample inside the casing shrunk 0.6% when RH decreased by 80% over a 4-hour 

time period.  

• Cement slurries set and cured under downhole conditions with relatively constant RH may 

not undergo significant shrinkage and yield only a minimal debonding effect.  

• Storing cement samples at an ambient seal condition (~71% RH) and characterizing them 

using ESEM at 75% RH seems to be the most suitable method to obtain high resolution 

images of the cement-casing interface as well as minimize the cement drying shrinkage. 

• The 3D gap model reconstructed from the micro-CT images confirmed that the gap 

between cement and casing mostly occurred at the polished cement surface and the gap 
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didn’t show any significant connectivity below the polished cement surface indicating that 

common sample preparation methods can significantly impact the near surface interface.  

• Cement blends prepared with expansion additives have shown smaller gap size. The use of 

expansion additives enhances the cement-casing interface integrity by effectively reducing 

the gap size at the cement-casing interface.  

• As long as the RH of the environment does not change significantly, the cement is expected 

to undergo a limited shrinkage and the gap between the cement and the casing may not 

induce any significant leakage pathway as the gap is only locally distributed at the polished 

cement surface without showing any significant connectivity along the wellbore axis.  

• For cement-rock samples, non-uniform porosity distributions in the radial and axial 

direction were observed in both cement and rock. For most of the cement-rock samples, 

the highest porosity region in the cement column was found at the cement-rock interface. 

• Cement without an expansion agent not only has a higher average porosity but also has 

more fluctuations in the axial porosity distribution. The size of the non-uniform gaps 

observed at the cement-rock interface can be significantly reduced by using an expansion 

agent in the cement blend.  

• For cement-rock samples, permeability variance between cement, rock and interface will 

change the flow direction. CT-based simulation indicated that regardless of reservoir rock 

permeability, the cement-rock interface has more chance to form the leakage pathway when 

intact caprock exists.  

• For a cement sheath between two casing pipes, CT images support that the outer casing 

interface is prone to have gaps at the interface. 

• For a cement sheath between rock and casing pipe, a radial porosity distribution shows a 

higher porosity was observed at the cement-rock interface. 

 

10.1.2 Main conclusions 

The most important contribution of the current work is the comprehensive experimental study of 

the various potential leakage pathways along the cemented wellbore at the micron scale.  
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For the microstructure study, the most suitable methods regarding sample preparation, 

characterization and analysis were established based on the detailed analyses. These types of the 

microstructure data obtained from the micro-CT and SEM/ESEM analyses in this work rarely exist 

in the petroleum literature. Various cement blends, including the widely used blend in the field, 

have been studied and specific cement additives and their impact on the well integrity were also 

investigated. Such efforts are likely to result in a better understanding of the factors influencing 

the gas leakage from oil and gas wells. The main contributions from the work presented in Chapters 

4 to 9 are summarized below.  

• In Chapter 4, a CT-CFD integrated approach is proposed to investigate the permeability of 

neat early-age well cement sample. This approach provides a quantitative means to 

estimate the porosity and permeability of representative volume elements selected from the 

cement sample. The characteristic effective porosity versus permeability correlation curve 

was generated to calculate the permeability of the cement sample. Comparative study on 

the porosity and permeability of early-age well cement and formation rocks reveals that the 

cement poroperm data are mainly comparable to tight sandstone. Comparisons also show 

that the early-age well cement has a narrower permeability range than formation rocks. The 

trend of cement linear fitting curve suggests that if the hydration process of neat early-age 

well cement sample continues, poroperm characteristics will approach those of shale.  

• Chapter 5 investigated the impact of stress-induced cement fractures on the wellbore 

cement integrity. Results demonstrate that the monotonic compressive stress (up to 1.0% 

strain) is unlikely to create significant leakage pathways in wellbore cement. Under pre-

peak stress loading conditions, most of the observed 2D fractures are smaller than 5 μm. 

The fractures generated by the pre-peak stress do not increase the permeability of the 

cement and thus, is not a contributing factor to the formation of leakage pathways. Once 

the compressive stress exceeds the uniaxial compressive strength, the higher strain will 

lead to considerable fracture propagation. However, these larger well-propagated fractures 

observed in the post-peak cements failed to penetrate the entire sample and therefore, still 

have poor overall connectivity. The addition of a fiber additive to post-peak stress cements 

was found to mitigate the number and size of the stress-induced fractures, giving a more 

robust structure through blunting of fracture propagation under these conditions.  
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• The microstructure of the cement-casing interface was characterized and analyzed in 

Chapter 6. Storing cement samples in an ambient seal condition (~71% RH) and 

characterizing them using ESEM at 75% RH seems to be the most suitable method to obtain 

high resolution images of the cement-casing interface as well as minimize the cement 

drying shrinkage. Although the smaller gaps observed in ESEM images may have a limited 

impact on the short-term permeability, they may function as the starting point of chemical 

attack and thus jeopardize the long-term wellbore integrity. As long as the RH of the 

environment does not change significantly, the cement is expected to undergo a limited 

shrinkage and the debonding between the cement and the casing may not induce any 

significant leakage pathway as the debonding is only locally distributed at the cement 

surface without showing any connectivity along the wellbore axis. Optimizing the 

chemistry of the cement system enhances the cement casing bond integrity by effectively 

reducing the gap size at the cement-casing interface. Wellbore cement designed to provide 

zonal isolation should be optimized to have no shrinkage, as this is the best insurance policy 

against degradation in integrity during the entire life of the well. 

• In Chapter 7, the microstructure of the cement-rock samples were characterized at 

microscale using microscope, micro-CT and ESEM. Based on the analyses of the CT 

images, we have determined the radial porosity distribution in the cemented rock samples, 

which revealed that the interface zone had higher porosity than its neighboring zones. CT-

based flow simulation study implies that the cement-rock interface is more likely to provide 

the leakage pathway when intact caprock exists. The size of the gaps observed at the 

cement-rock interface through ESEM images was significantly reduced by using the 

expansion agent in the cement slurry. The effect of the expansion agent on gap size change, 

however, varied depending on the rock properties such as rock density and porosity. The 

reduction rate of the gap size due to the addition of the expansion agent was found to be 

improved with the increasing rock density.  

• Chapter 8 focused on the microstructure of casing-cement-casing samples. The casing-

cement-casing samples have a more complex structure than the cement-casing sample or 

cement-rock sample. For the casing-cement-casing samples, the small annular ring size 

makes it fragile and, therefore, cannot be further processed into thin sections. Moreover, 
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for casing-cement-casing samples, artifacts have more influence over the characterization 

work. Special treatment should be applied to analyze the porosity distribution in the radial 

direction. Porosity and gap size analyses show that the interface between inner casing and 

cement have a better bonding than the interface between outer casing and cement. The 

density gradient caused the non-uniform porosity distribution in the vertical direction. 

Sample preparation has a significant impact on the microstructure of the samples. 

• Chapter 9 investigated the rock-cement-casing samples. The most significant finding in 

rock-cement-casing samples is the porosity at the cement-casing near zone is higher than 

the porosity at the cement-rock near zone. And this result is independent of the rock type. 

The gaps observed at the cement-rock interface also supports this finding. Besides, the gap 

size observed at the cement-rock interface is significantly larger than the gaps observed at 

the cement-casing interface. We also found that the rheology of the cement slurry also 

affects the sample preparation. Attention should be paid when injecting cement slurry into 

the annulus, as the slurry may not completely fill the annulus. 

 

10.2 Recommendation for future work 

This thesis contributes to the knowledge of the microstructure of wellbore cement. The most 

suitable methods regarding sample preparation, characterization and analysis were established and 

the type of the cement microstructure data we presented in this work rarely exist in the petroleum 

literature. Based on the findings of this study, the following suggestions can be made for future 

research: 

• Effect of cyclic stress on fracture development and cement permeability change needs to 

be further investigated. In chapter 5, the impact of monotonic uniaxial stress on cement 

microstructure was investigated. Future study may focus on the effect of cyclic stress as 

this research has significant implications for the understanding of how multi-stage 

hydraulic fracturing operations affect the wellbore cement integrity. 

• A further study could also assess the influence of various stress types on wellbore cement 

integrity. This thesis investigated how uniaxial compressive stress affects cement 

microstructure; however, modern wells subjected to complex stress conditions. In the 



 

215 

 

future, shear stress, tensile stress, thermal stress and triaxial stress and their impact on the 

cement fracture propagation and interface bonding can be studied. 

• Further studies regarding the influencing factors on interface bonding would be worthwhile. 

Mud cake is not considered when studying the cement-casing interface or cement-rock 

interface. The role of drilling fluid on the interface bonding needs to be investigated. This 

thesis studied the effect of rock type on cement-rock interface bonding. Dolostone, 

limestone, sandstone and siltstone were studied. In future work, more rock types such as 

shale and mudstone can also be considered. For cement-casing interface study, further 

research should be undertaken to explore the effect of roughness of the casing on cement-

casing interface bonding. 

• Further numerical simulations are needed to fully understand the implications of the change 

of cement microstructure and cement interface on the permeability of the wellbore cement 

system. CT-based fluid flow simulation based on the casing-cement-casing samples 

(Chapter 8) and rock-cement-casing samples (Chapter 9) should be performed. A natural 

progression of the simulation work is considering the stress condition in the simulation. A 

stress-fluid coupled numerical model would make a contribution to a better understanding 

of the mechanisms of leakage in the wellbore cement. 
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