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Abstract: Leakages of greenhouse gases, such as methane and carbon dioxide from wells, may
have considerable environmental consequences. Although much emphasis is currently put on
understanding well barrier failures, and thus, preventing well leakages, especially for an important
barrier material as cement, there are still several knowledge gaps and unknowns. However,
a step-change in well integrity understanding may be obtained by applying advanced characterization
techniques and scientific approaches to studying well barrier materials and their failure mechanisms.
This paper describes the development of an experimental methodology that uses X-ray computed
tomography to obtain 3D visualizations of cracks and microannuli in annular cement sheaths. Several
results are included that demonstrate the value of using such digital methods to study well cement,
and it is shown that such experimental studies provide an improved understanding of cement sheath
integrity. For example, it is seen that radial cracks do not form in symmetrical patterns and that
microannuli do not have uniform geometries. Such experimental findings can potentially be used as
benchmark to validate and improve cement integrity simulation tools.

Keywords: well leakages; cement sheath integrity; X-ray computed tomography; microannuli; cement
cracks; computational fluid dynamics

1. Introduction

A fundamental understanding of well barriers is crucial to avoid leakages of greenhouse gases
such as methane and CO,. For example, several petroleum wells experience well barrier failures [1,2],
and over time, such well integrity problems may cause significant amounts of methane leakages [3,4].
Furthermore, wells have been identified as the most likely CO, leakage pathway during carbon capture
and storage (CCS) operations [3,5-7]. Improving well integrity will therefore lead to reduced emissions
of greenhouse gases.

Cement sheaths are among the most important barrier elements in both petroleum wells and CO,
injection wells. To prevent leakages of downhole fluids, the cement sheath needs to retain its integrity
throughout the entire lifetime of the well, i.e., during the production and injection phase, and also, after
well abandonment [4,8,9]. There are different types of cement sheath failure modes [10-14], where
the two most common and well-understood are radial cracks and microannuli. Simply put, radial
cracks may form in the cement sheath during temperature or pressure increase in the well, which causes
the casing to expand. This casing expansion leads to increased tangential (i.e., hoop) stress in the cement,
and radial cracks subsequently form if the resulting tangential stress exceeds the tensile strength of
the cement. Whereas microannuli, i.e., cement debonding towards the steel casing or surrounding rock,
may form during temperature or pressure decrease in the well, which causes the casing to contract.
This casing contraction leads to increased tensile stress in the surrounding cement sheath, and cement
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debonding subsequently occurs if the induced tensile stress exceeds the cement’s tensile bond strength
towards the casing and/or formation. Both radial cracks and microannuli can thus form as a result
of normal production operations that involve temperature and pressure cycling, such as repeated
shut-downs/start-ups, pressure tests and fluid injections [15]. Such dynamic loading scenarios could
be particularly severe for CO, injection wells [16], and for example, in a well after 30 years of CO,
injection, prominent leak paths at both the cement-casing and cement-formation interfaces were found
after coring [17].

Consequently, several laboratory experiments have been performed to study and understand
these cement sheath failure modes and the resulting loss of zonal isolation [15,18-22]. Furthermore,
other authors have focused on studying microannuli formation and the resulting flow through these
leakage pathways [23-26]. All these studies have provided valuable understanding of cement failure
and loss of zonal isolation. However, fluid flow was used as verification of cement failure in most
of these experimental tests. Although well-suited as function tests of cement sealing ability and
zonal isolation, such a characterization approach provides limited information about how the cement
fails and few details about the resulting leak paths. For example, Bois et al. [27] have pointed out
the difference between cement mechanical integrity, i.e., the presence of cracks and microannuli, and
cement hydraulic integrity, i.e., the resulting flow rates through the cement barrier. There are several
unanswered questions, such as: are both radial cracks and microannuli formed, how many radial cracks
are there, what are the aperture and geometry of the radial cracks, are the microannuli homogeneous
and uniformly present around the entire circumference, what is the aperture of the microannuli, and
how do fluids flow through these leak path geometries? Answers to such questions will lead to an
improved understanding of well cement failure mechanisms, and thus, an improved understanding
of both mechanical and hydraulic integrity of cement. Subsequently, such answers may lead to
the development of improved cement integrity predictions tools.

There are several ways to find answers to these questions, both experimentally and numerically.
For example, Stormont et al. [24] and Garcia Fernandez et al. [25] have experimentally studied gas
flow through microannuli and found that the microannulus aperture can vary considerably around
the circumference. They did, however, not visualize the actual microannulus geometries. X-ray
computed tomography (CT) is a powerful, non-destructive characterization method that allows
visualization and quantification of defects inside material samples and is therefore well-suited to
study cement failure mechanisms as well. Several authors have therefore used CT to study defects,
cracks, and porosity inside cement samples [22,28-32], as well as to study cement carbonation and
subsequent leak path alteration during CO, exposure [33-40]. In our group, we have recently developed
an experimental characterization procedure where we use CT for 3D digital visualization of well
cement in realistic annular geometries. With our dedicated and tailor-built cement sheath integrity
experimental set-up [41,42], we have visualized microannuli and cracks in cement formed during
thermal cycling [41,43—46] and pressure cycling [42,47-49], and we have also used the digital cracks
and microannuli obtained from CT scans as imported leak path geometries in computational fluid flow
simulations [45,50-52]. Furthermore, we have also used CT to study cement-formation bonding [53-56],
cement durability [57,58], and cement-mud interactions [59].

This paper describes and reviews the 3D digital characterization methodology that we have
developed, which can be used to find answers to some of the questions listed above. We include several
examples of obtained results that illustrate the value of using such digital methods to study cracks
and microannuli in well cement. Moreover, we highlight how these findings provide an improved
understanding of cement integrity and zonal isolation, thereby contributing to reducing well leakages.



Sustainability 2020, 12, 4128 3of 14

2. Experimental Methodology

2.1. Sample Preparation

The experimental set-up and procedure to generate defects in the cement sheath have been
described in detail in previous publications [41-49], and only a brief description will be given
here. The experimental set-up consists of rock (usually sandstone), cement and casing to resemble
a downscaled section of a well. The casing (carbon steel, API 5L X-52) has an outer diameter of 60.3 mm
and is surrounded by a cylindrical rock (inner diameter of 76 mm, outer diameter of 150 mm). This
gives an 8 mm thick cement sheath located in between the rock and casing, as illustrated in Figure 1a.
The height of the experimental setup is 200 mm. The sample is placed in a cell and the cement was
cured at elevated temperature in a confined environment for 5 days. The confinement cell has been
tailor-made for the purpose and is made of aluminum to be X-ray transparent.

(a) (b)

Rock
—~Cement
Casing

Figure 1. Experimental setup and CT segmentation process. (a) 2D Cross-section of the sample,

illustrating how the cement sheath in located in between the rock and the casing. (b) A 2D CT image
showing defects in the cement sheath. (c) Identification of defects in the cement sheath based on their
location and using colors to separate the defects. (d) The stack of 2D CT images assembled into a 3D
volume. (e) The final 3D volume of the cement sheath with defects.

2.2. CT Scanning Procedure

X-ray Computed Tomography (CT) was used to determine information about location, geometry
and number of defects in 3D. As this is a non-destructive technique, it can be used to study defects
in the cement sheath and surrounding rock prior to, during and after experiments without breaking
the confining atmosphere or otherwise damaging the sample. By measuring the attenuation of X-ray
beams through a sample, the CT scanner generates projection images which are reconstructed to
2D cross sectional images. The cracks and defects in the cement sheath were mapped by scanning
the sample with a Siemens Somatom Sensation medicinal CT. The images were taken with 140 V and
a displacement of 1 mm/slice, resulting in 200 cross sectional 2D images with an in-plane resolution of
200 pum. The resolution of the images depends both on the scanning parameters, such as number of
detectors, scan time, voltage and current as well as the sample itself. Thus, the resolution of the cross
sectional 2D images gives a limit to which defects that can be seen and analyzed.

2.3. Post Processing of CT Images

Analysis of the 2D cross sectional images and subsequent 3D reconstruction of the cement sheath
was performed using the Avizo software [60]. The process of obtaining 3D volumes from the 2D images
has been illustrated in Figure 1b—e. A typical 2D cross sectional image obtained from the CT is shown
in Figure 1b. As can be seen from the image, one can separate between the rock, cement and casing.
Defects present in the cement sheath are seen as black voids in the 2D image. In Figure 1c, the different
defects have been segmented out and highlighted using different colors. Three different colors have
been used to visualize defects in the cement; blue to describe defects at the cement/casing interface, red
color for the defects in the bulk cement and green color for defects present at the cement formation
interface. In the case of a mudfilm present at the cement/rock interface, this was highlighted by
a dark-green color. Additionally, in some tests, we have used a fourth color (purple) to highlight defects
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propagating into the surrounding rock. Figure 1d illustrates how the 2D cross sectional images from
CT scanning were stacked to obtain a 3D volume. Finally, the resulting 3D volume, using the above
described colors to highlight the defects, is illustrated in Figure 1le.

2.4. Simulation of Fluid Flow

The specific volumes of the cracks and microannuli were extracted using Avizo and imported into
StarCCM+ [61] for computational fluid flow (CFD) simulations as described in references [45,50-52].
The surface was manually repaired to maintain the structural features of the geometries. To simplify
the geometry, small and unconnected dead ends were removed. An inlet was defined at the bottom,
and an outlet at the top of the geometry. Both the inlet and outlet surface were set with a pressure
outlet boundary, while a wall boundary was used for the rest of the surface. Polyhedral meshing with
five layers of prism mesh were used to create the volume mesh. To stabilize the flow, an additional 10
layers of extruder mesh were added to both the inlet and outlet surface. Pressure was then applied at
the extruder region at the inlet, creating a pressure driven mass flow through the geometry. The pressure
drop was varied from (20-500 Pa) over the geometry. The mass flow was assumed to be laminar and
modelled using segregated flow, constant density and a steady state approximation. Methane gas was
used as the model fluid. Each simulation was run until convergence of the residuals, mass flow and
pressure drop were observed (~2500 iterations).

2.5. Limitations of Experimental Procedure

It is important to note that there are some experimental limitations of the procedure that influences
the quality and operational relevance of the obtained results. Regarding the experimental set-up,
the main limitation is the downscaling, both radially and axially. Another important limitation is
the lack of confining stress around the rock during experiments, which may significantly influence
the propagation of cracks [62]. Therefore, the obtained results cannot be quantitatively transferred
directly to field situations, but most of the major findings and conclusions should still be qualitatively
valid. Moreover, since the rocks have a limited radius in the experiments, as opposed to unlimited size
in the field, results that show complete rock failure are considered experimental artifacts.

The main limitation of the CT characterization is the instrument’s resolution. In the current
experiments, the radial CT resolution is approx. 200 um, which means that any cracks and debonded
areas smaller than this will not be detected. Other studies have shown that microannuli and cracks
often are significantly smaller than 200 um [20,23-25], so it is likely that there are such small defects in
our samples as well that cannot be seen due to the detection limit. The CT resolution could potentially
be improved by decreasing the sample size further, as CT resolution is dependent upon sample size, or
when more advanced CT instruments are developed in future.

Moreover, the CT resolution is also a limitation for the subsequent CFD simulations, as potential
flow path geometries smaller than the resolution are not accounted for. The main limitation is however
that it is assumed that the obtained leak path geometries are fixed and do not change during flow, and
this assumption is incorrect as it is known that increased pressure differences may increase the available
flow path size [27].

3. Results and Discussion

3.1. Visualization of Radial Cracks and Internal Defects in Cement Sheaths

In model simulations of cement sheath failures, it is common to assume symmetrical stress
conditions in the cement, which result in the formation of several radial cracks in a symmetrical
pattern [63-66]. However, experimental findings do not show such symmetrical crack patterns. For
example, Figure 2a shows a 2D CT image of an experimentally created radial cement crack due to
pressure increase inside the casing [42]. It is seen that only one crack is formed, and not several cracks
in a symmetrical pattern. This observation is typical of and consistent in our experimental studies:



Sustainability 2020, 12, 4128 50f 14

during pressure increase, the cement sheath starts failing with a single radial crack [47-49]. Sometimes
it is seen that other, subsequent cracks are formed as well, but usually not in a predictable, symmetrical
pattern. Gheibi et al. [62] used an in-house, modified discrete element model (MDEM) to simulate
the experiment in Figure 2a, and the result is shown in Figure 2b. Only one radial crack was observed
in this simulation, which was achieved by introducing heterogeneity in the model by imposing random
tensile strength values from a uniform distribution [62].
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Figure 2. (a) A typical experimentally obtained 2D CT image of radial crack in cement sheath [42] and
(b) subsequent MDEM simulation of that experiment [62]. Resolution of CT images is approx. 200 pum.

Furthermore, it is also seen from Figure 2 that the radial crack in the cement propagates into
the rock as well, a finding that was also observed by Fahrman et al. [29]. However, it should be noted
that these experimental tests were performed without confining stresses in the rock. Gheibi et al. [62]
showed that the crack propagation into the rock will decrease and ultimately stop with increasing
confining stress. Therefore, substantial crack propagation into the rock will probably not occur under
more realistic conditions when the rock experiences confining stresses.

Figure 3 shows 3D visualizations of experimentally created radial cracks formed in the cement
sheath during pressure cycling where the surrounding rock is softer than the cement [47]. It is seen
that one crack appears first, followed by more cracks at higher pressures. The subsequent cracks do
not form in a symmetrical pattern. All cracks propagate into the rock as well. Moreover, it was also
found that the cement withstood a much higher pressure before failure when the surrounding rock
was stiffer than the cement [47,49]. This finding confirms previous model predictions and established
theory that rock stiffness vs. cement stiffness significantly influences cement sheath integrity [10-13].
In this regard, it is also relevant to observe that casing eccentricity has an influence on cement sheath
integrity [44,47], where the cement sheath cracks at somewhat lower pressure for eccentric casing than
centralized casing. It should be noted that the crack usually appears in the medium- or wide side of
the cement [47], and not in the narrow side as might be expected.

Although the number of cracks, whether they propagate into the rock or not, and where they
are located, may not be important with respect to cement mechanical integrity (a failure is after all,
a failure), these details can be very important with respect to cement hydraulic integrity and subsequent
loss of zonal isolation. Furthermore, if cement sheath integrity modelling tools are unable to predict
such details accurately, then these models may need improvement.
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Figure 3. X-ray computed tomography 3D visualization of radial cracks formed in cement and rock
due to pressure increase inside the casing [47]. Resolution of CT images is approx. 200 pm.

In actual well conditions, there is often a mudfilm or remains of a filtercake at the interface
between cement and rock. How will the presence of drilling fluids influence the crack formation and
subsequent propagation? Figure 4 shows an example of the formation of radial cracks in cement with
a mudfilm present at the rock/cement interface [48]. First, it is seen that the mudfilm is not complete,
i.e., it does not cover the entire interfacial area. Secondly, it is seen that the only appearing crack is
formed in the area covered with mudfilm. Finally, it is seen that the crack does not propagate into
the rock, i.e., the crack stops at the interface. Although all experimental tests with mudfilm do not
follow this exact pattern, it is evident that the presence of mudfilm influences the formation of radial
cracks in cement sheaths. Furthermore, it should be noted that the cement withstood less pressure
before failure in all tests with mudfilm than in comparable tests without mudfilm [48].

Before After
pressure cycling pressure cycling
P A

B Mudfilm W Cracks/defects in cement

Figure 4. X-ray computed tomography 3D visualization of radial cracks formed in cement with mudfilm
at cement/rock interface due to pressure increase inside the casing [48]. Resolution of CT images is
approx. 200 pm.
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Figure 5 shows that there are also other possible types of internal cement sheath failures than
radial cracks [45]. Initially, the sample in this test had several internal defects inside the cement
sheath, which were probably caused by fluid loss. Then, the sample was subjected to thermal cycling,
where the curing temperature was the highest temperature in the cycle. In other words, the cement
experienced induced stress only due to casing contraction during cooling, and not due to casing
expansion. Normally, casing contraction leads to microannuli formation when the induced tensile
stress exceeds the tensile bond strength at the cement interfaces, but as seen in Figure 5, in this sample,
the large amount of internal defects leads to a tensile failure of the cement itself as well: the initial
defects increase in size during thermal cycling, grow together and form a continuous leak path through
the cement sheath [45]. Thus, although radial cracks are not seen in this sample, the cement sheath still
loses its sealing ability due to a leak path inside the cement. Finally, it could be noted that an increase
in casing-cement debonding is seen as well.

Before thermal cycling After thermal cycling

Initial defects grow together
to form connected pathway

Defects/cracks in

Cement-casing Cement-formation
. . cement sheath

debonding debonding

Figure 5. X-ray computed tomography 3D visualization of internal cracks formed in cement sheath
with several initial defects during thermal cycling [45]. Resolution of CT images is approx. 200 pm.

3.2. Visualization of Microannuli and Cement Debonding

When there is no or poor bonding between the cement and its surrounding casing or formation,
the resulting debonded areas are usually called “microannuli” [9]. These debonded areas could
be created initially during cement placement and setting due to cement shrinkage or incomplete
mud removal, or later during production and injection operations due to casing contraction and
expansion [13]. In most cases, however, such microannuli represent a potential leakage pathway for
downbhole fluids.

Essential questions regarding microannuli are what sizes, geometries and shapes they have.
In other words, are microannuli homogeneous and uniform around the entire circumference of
the cement, or not? Model simulations have shown that the size of microannuli can be dependent
on wellbore characteristics such as formation properties, casing size and cement stiffness [27,67],
however, the resulting shapes can be challenging to determine from such simulations. Stormont et
al. [24] and Garcia Fernandez et al. [25] found experimentally that the microannulus aperture can vary
considerably around the circumference when they studied gas flow through different microannuli, and
concluded that microannuli have complex geometries. For simplicity however, a common approach in
many studies is to assume microannuli uniformity, which for example, works well when converting
measured fluid flow rates to microannuli apertures by introducing the terms “equivalent” or “effective”
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microannulus [20,68-70]. A limitation of this approach is that the estimated microannuli sizes are not
really correct and give no accurate information about the actual microannuli geometry [9,50].

Figure 6 shows four examples of experimentally created cement-casing microannuli [9,41] and it
is seen that they are not homogeneous and uniform. On the contrary, the microannuli geometries are
heterogeneous and can be somewhat random. Figure 6a shows a microannulus formed during cement
shrinkage, and it is seen that a considerable part of the cement-casing interface is fully bonded and
that the debonding mostly occurs at one side of the casing resulting in a partly “halfmoon-shaped”
microannulus. Figure 6b shows the resulting debonded area after complete radial cracking of the cement
sheath, whereas Figure 6c,d show examples of the debonded area due to mudfilm, cured at ambient
pressure and at elevated pressure, respectively. Of these four examples, the microannulus geometry
showed in Figure 6a is perhaps the most relevant and interesting and is possibly also the geometry
that is most consistent with the experimental findings of Stormont et al. [24] and Garcia Fernandez et
al. [25].

a)

- Cement-casing debonded area

Figure 6. Examples of X-ray computed tomography 3D visualizations of experimentally created
microannuli at cement-casing interface: (a) due to cement shrinkage [9], (b) after full cement sheath
cracking [9], (c) with mudfilm cured at ambient pressure [41], (d) with mudfilm cured at elevated
pressure [41]. Resolution of CT images is approx. 200 um.

Despite the merits of the simplified approach of assuming uniform microannuli, real microannuli
geometries, such as those exemplified in Figure 6, should be taken into account when studying cement
integrity and the resulting interfacial fluid flow behavior.

Furthermore, another experimental observation that has been made is that the debonding that
occurs as a result of thermal cycling operations starts at initial defects already present. An example
is seen in Figure 5, where the blue area (i.e., debonding towards casing) has increased considerably
after thermal cycling, and that the resulting debonded area propagated from small, initial defects
at the interface present before cycling. This finding is consistent in our experimental studies on
microannuli during thermal cycling [41,44,45]. Moreover, this point was used as a basis by Ichim
and Teodoriu [71] in a FEA study to understand how such initial defects are created, resulting in
suggestions on how to improve experimental testing of well cement.

3.3. Visualization of Fluid Flow through Cracks and Microannuli

To fully understand well leakages, important questions to answer are: how do different downhole
fluids flow through cracks and microannuli in cement, and how can the resulting leak rates be
predicted? Fluid flow through well cement can be relatively straightforward to predict when assuming
that the leak path geometries are homogeneous and uniform. The resulting leak rates are calculated by
existing equations and extrapolated to predict different scenarios. Thus, uniform leak path geometries
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and linear flow behavior are, for example, usually used in models that predict potential future leak
rates from plugged and abandoned wells [72,73]. However, due to the heterogeneity of real well
cement leak paths, such simplified estimations are inaccurate. There is therefore a need to use realistic
leak path geometries in fluid flow simulations to improve the accuracy of leak rate predictions as well
as the overall understanding of well leakages.

An advantage of characterizing cement microannuli and cracks by X-ray computed tomography is
that the obtained, digital geometries can subsequently be imported into computational fluid dynamics
(CFD) simulation tools and used as leak path geometries in fluid flow simulations. Such an approach
was used by Jung and Kabilan et al. [35,36] when simulating CO, flow through cement cracks prior to
and after cement carbonation, to visually illustrate the sealing effect of carbonation. Although they
used cylindrical cement samples where cracks were created during compression tests, and thus, not
realistic annular geometries, they demonstrated the value of this approach. Therefore, by using realistic,
annular crack geometries and microannuli such as those shown in Figures 3—6 as imported geometries
in CFD tools, subsequent flow simulations have the potential to provide valuable understanding of
actual well leakages. It should be noted however, that a major limitation of this approach is that it is
assumed that the leak path geometries are fixed and do not change during flow. This assumption is
incorrect, and for example, increased pressure differences may open up microannuli, and thus, increase
the available flow path size [27,74].

Figure 7 shows three examples where experimentally created cracks and microannuli have been
used as leak path geometries in CFD flow simulations [50-52]. Methane was used as fluid in these
simulations. Figure 7a visualizes flow through the internal defects shown in Figure 5, Figure 7b
visualizes flow through the microannulus shown in Figure 6a, whereas Figure 7c visualizes flow
through a radial crack such as those shown in Figures 3 and 4. A common finding for all these
simulations is that the heterogeneous geometries create tortuous flow patterns with vortexes. Both
the non-uniformity of the overall geometry and local heterogeneities such as surface roughness and
flow path bottlenecks contribute to these complex flow patterns. Furthermore, it is observed that
the resulting flow rates are not linearly dependent upon pressure difference [50-52], as could be
expected from Darcy’s law. It is seen that the less uniform the leak path geometry is, the less linear
the relationship between flow rate and pressure difference is, whereas a completely uniform and
homogeneous microannulus shows predicable and linear flow behavior. However, this may depend
upon fluid type and viscosity, as found in references [51,52]. Much work is still needed to fully
understand flow behavior during well leakages, but it is important to take such heterogeneities and
non-linearities into account when predicting leak rates from real wells.

a) b) o ~ T

Velocity: Magnitude (m/s)
Velocity: Magnitude

-30.0

Velocity (m/s)
m?
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Figure 7. Examples of CFD simulations of gas flow through experimentally created leak paths in
cement sheaths: (a) internal defects [50], (b) microannulus [51] and (c) radial crack [52]. Simulations
are based upon CT images with approx. 200 um resolution.
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4. Conclusions

Digital characterization methods such as X-ray computed tomography have the potential to
provide 3D visualizations of cracks and microannuli in well cement, and thereby, give new insights of
cement failure mechanisms. For example, in this paper it has been shown that:

e Radial cracks do usually not form in symmetrical and predictable patterns. Only one crack is
formed first, and subsequent cracks may form later. The cement cracks may propagate into
the surrounding rock.

e Microannuli do not have uniform geometries with homogeneous aperture around
the circumference. Real microannuli geometries can be somewhat random and may depend upon
how they are generated.

e  Fluid flow through cracks and microannuli do not follow Darcian linearity, due to local
heterogeneities and complex flow patterns.

Such experimental findings can be used as a benchmark to validate available model simulation
tools predicting both mechanical and hydraulic cement integrity, as well as to potentially improve these
models. Therefore, by using scientific approaches and advanced methodologies such as the digital
cement integrity methodology described here, a step-change in understanding of cement sheath
integrity and well leakages may be obtained.
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