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a b s t r a c t

Presence of microannuli at the cement interfaces in wellbores could provide a path for fluid leakage.
In this study, we combined experimental analysis and numerical modelling to assess microannuli
development at casing–cement interfaces. Lab experiments were conducted using two-metre long
samples consisting of a 7’’ casing cemented inside a rock analogue (stiffer, stronger cement) encased
with a steel outer shell. Hydraulic aperture of the microannuli was calculated by measuring water
flow through the casing–cement interface at various casing pressures and after axial displacements.
The results show that once a microannulus forms, it remains open at internal casing pressures as high
as 40 MPa. The measured hydraulic apertures were in the range of tens of microns, with residual
apertures in the range of 15 to 30 µm. Axial displacement of the casing did not lead to a significant
change in the hydraulic apertures. A numerical model was created with a comparable geometry to
the experiments, and used to calculate the mechanical apertures of the microannuli. A relationship
is proposed to link the mechanical apertures from the numerical models to the hydraulic apertures
measured in large-scale experiments. The findings enable the operators and regulators to improve safe
well operation practices by forecasting the conditions that lead to possible loss of zonal isolation and
the associated well leakage rates.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Wellbores are commonly used as an artificial pathway to
roduce or inject fluids in applications such as water, gas, and
il production, or waste fluid, hydrogen, and CO2 storage. Drilling
well through various strata introduces a risk of fluid commu-
ication between different formations and upward migration of
ubstances. This can ultimately lead to the contamination of the
ubsurface water sources or leakage of fluids to surface.1,2 To
mitigate the risk of leaks, well designs usually consist of several
cemented steel casings placed in the wellbore at several depths,
with multiple casings that partly overlap at shallow depths. The
casings are cemented in place by pumping cement slurry through
the casing which subsequently flows through the annular space
between overlapping casings or between the casing and rock
formations. Once the cement is cured and set, it acts as a barrier
to flow in the annulus, ensuring zonal isolation of the well.

It is critical to ensure the integrity of the annular cement
over the entire operational lifetime of the well, as well as after
decommissioning of the well. Best practice approaches include
ensuring appropriate type of cement and cementation procedures
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are used given the expected downhole conditions of pressure,
temperature, and the chemical environment.3 Subsequent well
operations can also damage the cement by causing expansion or
contraction of the casing resulting from changes in temperature
or pressure during injection or production.4 Well integrity issues
caused by well operations is of particular interest for energy
storage, geothermal energy, and carbon sequestration projects,
particularly when re-using old oil and gas wells.5–9 A poorly
laced and damaged cement sheath can create a permeable zone
round the casing that allows fluids to move upwards or down-
ards. Cement damage may also expose the casing to chemically
eactive downhole fluids, which may promote casing corrosion
nd degradation.10 Mitigation of well leakage is generally difficult
nd expensive. Therefore, it is critical to assess the well conditions
hat can lead to cement damage and the resulting rate of fluid
eakage upfront. If incorporated in well design, such assessments
an help de-risking well operations based on project-specific well
ntegrity analysis.

There are several types of cement failure that could occur
nder downhole conditions. High pressures inside the casing
an change the tangential stress in cement from compression to
ensile, leading to radial cracks.11 Cement can also fail in shear
at high deviatoric stresses12,13 or due to heating or cooling of
he well.14,15 Differential axial displacement between formation,
asing, and cement (e.g. due to shrinkage) can lead to disking (flat
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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horizontal cracks across the cement). Additionally, the cement
sheath can debond from the casing or the formation, leading to
the creation of microannuli.16,17 A microannulus can be formed
y casing contraction due to cold fluid injection, such as CO2,
nd by a drop in casing pressure.17,18 Cement hydration and
igh formation pressure have also been proposed as causes of
icroannulus formation.13,19
There is a long history of model development to predict failure

n cement sheaths. Thiercelin et al.20 developed an analytical
odel to investigate cement failure in wellbores. Bosma et al.21
resented a finite element model to study various loading scenar-
os. They also investigated the impact of different initial stress
ssumptions on the cement sheath integrity calculations. Their
esults indicated that cement’s elastic properties are important
esign parameters to reduce the risk of cement failure under
n-situ conditions. Gray et al.22 provided a review of the finite
element models in the literature, and emphasized the need for
modelling the entire load history of the well. Bois et al.4 proposed
he use of a mechanistic model that simulates the hydration
rocess of cement. Their model was used to predict various types
f cement failure and the results were verified using lab ex-
eriments. Lavrov23 conducted a numerical study to investigate

the conditions that could lead to the debonding of casing and
cement. They concluded that the impact of thermal stresses can
be reduced by adjusting the stiffness of the cement with respect
to the stiffness of the formation. Orlic et al.9 investigated the
mpact of well history on the formation of the microannulus. Roy
t al.17 studied the impact of thermal stress on cement integrity
sing numerical simulations and concluded that presence of suffi-
ient in-situ stresses can mitigate the impact of the microannulus.
rash and Carey24 developed analytical and numerical schemes
o study the impact of reservoir uplift on the shear integrity of
he cement sheath. Zhang and Eckert25 incorporated the impact
f cement pore pressure and stiffness development in a staged
inite element model. Numerical models are important tools in
tudying the annular cement integrity. However, models should
e verified using laboratory experiments or well logs to ensure
heir accuracy in predicting loss of cement integrity.

Goodwin and Crook26 conducted laboratory experiments on
he integrity of cement placed in the annular area between two
asings. They measured the evolution of annular permeability
nder various pressure cycles. Jackson and Murphey27 used a
imilar setup to test different pressure cycles and well config-
rations. These experiments indicated that at high inner casing
ressures, no permeability was observed. However, as the pres-
ure was dropped significant permeability was created in the
nnular region. This indicated plastic deformation at high casing
ressures which lead to debonding as pressure is dropped.13
oukhelifa et al.28 used an apparatus capable of mechanically
xpanding and contracting the casing to study the impact of
asing deformation on the integrity of annular cement. They
ested various cement formulations and concluded that the use
f more flexible cements can prevent debonding. Therond et al.29
sed a large-scale setup to study the impact of pressure and
emperature cycles on cement integrity. A postmortem analysis
f their samples indicated the presence of radial cracks, disking,
nd microannuli. They concluded that the formation of microan-
uli has the biggest impact on the annular permeability. Radial
racks showed significantly lower permeability in their exper-
ments. De Andrade et al.30 developed an experimental setup
o investigate cement failure under various loading conditions
sing X-ray computed tomography. The new experimental setup
llowed for 3D visualization of radial cracks and microannuli.11
tormont et al.31 conducted a comprehensive set of tests on
icroannulus aperture under various confining stress and casing

ressures. The measured apertures in their work ranged between w

2

.6 µm (for the intact cement) and 60 µm, for the majority
f the tests. Their results show that microannuli could allow
igh permeability channels to form. Although casing pressure can
lose the microannulus to some degree, a residual permeability
lways seems to exist. Welch et al.32 used a triaxial direct shear
etup to measure the cohesion and friction angle of the cement–
teel interface. Their results showed little change in the interface
ermeability due to shear displacement.
The permeability of the damaged cement is a critical parame-

er, as it determines the rate of fluid migration along the wellbore.
cement sheath with high permeability induced by fractures

r debonding could ultimately lead to contamination of shallow
ater sources if fluid pathways connect over large parts of the
ell.33 Also, lack of zonal isolation over large well sections can

ead to emission of greenhouse gases such as methane into the
tmosphere,34 or can jeopardize the seal quality of CO2 storage
ites.16 Formation of continuous microannuli due to debonding
f the casing–cement interface could lead to permeable pathways
etween casing and cement.29,31
Differential sliding between the casing and the cement can

ead to shear displacement along the casing–cement interface.
his could also lead to a change in the microannulus aper-
ure, which is not as clearly understood as debonding. Hydro-
echanical properties of the microannulus are needed to cor-

ectly assess the severity of leakage in the annular region. These
arameters are critical inputs in models to estimate the aperture
nd permeability evolution of microannuli over the well’s history.
hile there are studies in the literature that measure hydraulic

perture change with casing pressure31 and shear displacement,32
hey are conducted on small samples that fit in a typical triaxial
ell. Large-scale tests that more closely represent the wellbore
eometry are still scarce.
In this study, we used lab experiments and numerical mod-

lling to assess microannuli development at casing–cement in-
erfaces. We conducted flow experiments on two-metre long
amples that consist of a 7’’ casing and annular cement. Hy-
raulic aperture of the microannuli was calculated from the flow
ata at various casing pressures, and after axially displacing the
asing through the annular cement. We developed a numerical
odel to calculate the mechanical aperture of the microannulus
nder conditions similar to the laboratory experiments. Using
he experimental and modelling results, we propose a new re-
ationship between the mechanical and hydraulic apertures for
asing–cement microannuli. We compared the experimental re-
ults to surface leakage measurements at abandoned oil and
as well sites, collected from several studies in the literature,
o evaluate the apertures and associated leakage rates of the
icroannuli against actual field measurements.
The results provide estimates of the hydraulic properties of

icroannuli in well systems at realistic spatial scales, which are
ritical for reliable modelling of well leakage. In addition, the
xperimental results on the large-scale samples provide bench-
ark data for hydraulic aperture and leakage that can be used

o verify numerical models and to better understand the mecha-
isms controlling the opening and closure of microannuli. This
ork attempts to fill the existing gaps between the numerical
odelling, laboratory experiments, and field-scale measurements
f fluid leakage in wells. It enables more accurately forecasts of
he conditions for loss of zonal isolation and quantifies possible
ell leakage rates for a wide range of geological and operational
onditions.

. Approach

.1. Microannulus aperture

In this study, a microannulus is treated as a distinct fracture
ith a mean aperture. Conventional cubic law for fluid flow
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Fig. 1. A schematic of the samples in this study next to pictures of an actual sample. Green represents annular cement, and yellow indicates the formation analogue.
The dimensions in the figure are in mm. The picture on the left shows the outer shell but presents the full length of the sample. The picture on the right shows
the bottom face of the sample including the casing, annular cement, formation cement, and the outer shell.
along fractures can then be used to relate the aperture of the
microannulus to permeability and flow rate.35 Eq. (1) shows
he relationship between the flow rate and the aperture of the
icroannulus for an incompressible fluid.36

= −
eh3

12
xa

∆P
µL

(1)

Q in Eq. (1) is the flow rate, eh is the hydraulic aperture of the
microannulus, xa is the circumference of the microannulus, ∆P is
the pressure difference across the microannulus, µ and L are fluid
iscosity and length of the annulus, respectively.
Geomechanical models are generally capable of calculating

he aperture change due to a change in loading conditions.9,18,37

However, these models calculate the mechanical aperture of the
microannulus. Hydraulic aperture of the microannulus is required
to calculate leakage rates using Eq. (1). Hydraulic aperture of a
fracture is typically lower than the mechanical aperture due to
the roughness of the fracture faces and the tortuosity of flow
paths.38 Several studies have proposed correlations to calculate
the hydraulic aperture of a single fracture using the mechanical
aperture and some form of roughness coefficients.39–41 However,
the relationship between the hydraulic and mechanical apertures
of cement microannuli is largely unknown. Understanding this
relationship is paramount in filling the gap between predictions
of the geomechanical models and fluid leakage calculations. A
new relationship between the hydraulic and mechanical aperture
of microannuli is proposed in the discussion section.
3

2.2. Experimental design

2.2.1. Sample and setup description
The samples in this work consisted of a two-metre long steel

shell with an inner diameter of 355.4 mm (14’’). The shell was
ordered from a commercial company and included a cement
(Gouda Vuurvast, uniaxial compressive strength of 37 MPa) al-
ready casted inside with a 200 mm hole to fit a smaller casing.
The cement in the shell was intended to simulate the formation.
The formation cement was stiffer and stronger than the annular
cement used in this study. A standard casing with an outer
diameter of 177.8 mm (7’’) was placed and centred in the hole
of the formation cement. Water was injected into the casing to
raise the inner pressure to 20 MPa. A cement slurry was created
by mixing class G Portland cement with water with a ratio of
0.4 w/c. The cement slurry was mixed at 7000 rpm until it was
smooth.42 The slurry was then pumped into the annular space
between the casing and the formation cement, using a membrane
pump. The cement was cured for approximately seven days at
0.3 MPa pressure and room temperature. The curing pressure was
applied using a nitrogen cushion at the top of the cement. During
the curing period, the inner casing pressure was maintained at
20 MPa. Subsequently, the casing pressure was dropped to zero
to create a microannulus at the casing–cement interface.

To conduct the experiments, the samples were placed verti-
cally in a load-frame capable of exerting an axial load up to 140
metric tons on the casing. In addition, the setup was capable of
controlling the fluid pressure inside the casing. To measure the
hydraulic aperture, tap water was pumped through the bottom of
the annulus at a constant rate between 7.5 to 150 ml/min using a
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Fig. 2. A schematic of tests conducted in this work. ‘‘P’’ indicates pressure
measurement, ‘‘Q’’ indicates flow rate, ‘‘F’’ indicates force, and ‘‘d’’ indicates
displacement.

H3 metring pump until the inlet pressure stabilized (between 0.2
to 5 MPa, accurate to ±0.1%). The top of the annulus was open
o the atmosphere. The flow rate was measured at the pump and
sing an automatic scale at the downstream, with an accuracy
f ±0.25%. Hydraulic aperture was calculated using Eq. (1) using
he measured flow rate and upstream pressure. The viscosity
f water was assumed to be 0.9 cp. Each measurement of the
ydraulic aperture took 15 to 30 min until the flow stabilized.
ig. 1 shows details of the setup and samples. In this study,
wo samples were created to investigate the impact of casing
ressure change, and axial displacement of the casing on the
ydraulic aperture of the microannulus. All experiments have
een conducted at the Rijswijk Centre for Sustainable Geoenergy
RCSG) in the Netherlands. A brief description of the experimental
etup and the preliminary results are also reported by Moghadam
t al.43 .

2.2.2. Casing pressure experiments
In the first set of experiments, we investigated the impact

f casing pressure (ballooning) on the hydraulic aperture of the
icroannulus (Fig. 2). The sample was prepared as described in

he previous section. A microannulus was formed by dropping the
asing pressure from an initial value of 20 MPa during curing,
o zero (gauge pressure). Water flow was then established at
constant rate in the annular region to measure the hydraulic
perture, using Eq. (1). For each measurement, we recorded the
low rate and the upstream annular pressure after the flow was
tabilized (no pressure change for 15 to 30 min). The inner casing
ressure was then raised, and another flow test was conducted
o quantify the impact of casing pressure on the aperture of the
icroannulus. The casing pressure was gradually increased to 40
Pa with hydraulic aperture being measured at each step. The
asing pressure was then dropped in several steps back to the
tmospheric pressure, while measuring the hydraulic aperture
uring the unloading stage. The casing pressure was cycled three
imes. The annular flow rate was changed for each cycle to
nvestigate its impact on the hydraulic aperture.
 i

4

Fig. 3. The geometry of the finite element model.

.2.3. Axial displacement experiments
The second sample in this work was used to study the im-

act of axial movement of casing on the microannulus (Fig. 2).
fter the sample preparation and the creation of a microannulus,
he casing pressure was set back to 20 MPa and the hydraulic
perture was measured at two different flow rates (i.e. upstream
ressures). An axial load was then applied at the top of the casing
sing a load frame, while maintaining a 20 MPa pressure inside
he casing. The load increased gradually until the casing was
isplaced uncontrollably, indicating shear failure at the casing–
ement interface. The casing was axially loaded again to measure
he hydraulic aperture after another displacement. The casing was
isplaced 7 times in total for this experiment. Fig. 2 illustrates a
chematic of the setup for both experiments.

.2.4. Test overview
Table 1 summarizes all the tests conducted in this work.

ach test includes several hydraulic aperture measurements. The
xperiments will be referred to by their test ID, in the rest of the
aper. Table 1 also provides a short description for each test and
ndicates the figure numbers that display the main data.

.3. Numerical modelling

The commercial finite element package Abaqus44 was used to
odel the microannulus aperture change for the casing pressure
xperiments. The geometry of the sample was represented by a
D plane strain model as shown in Fig. 3.
Standard steel properties were used for the outer shell and

he casing. The cement properties were taken from the labora-
ory experiments on class G Portland cement in the literature45.
he properties of the formation cement were supplied by the
anufacturer.
Table 2 summarizes the material properties used in the nu-

erical model.
We modelled the interfaces between the casing, cement, for-

ation, and the outer shell using the surface-to-surface contact
iscretization method (Abaqus/Standard User’s Manual, 2019).
his formulation allowed us to set the debonding status and
he initial aperture of the interfaces, in order to calculate the
echanical aperture of the microannulus with a change in cas-
ng pressure. A cohesive contact model was used to simulate
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Table 1
Summary of the experiments conducted in this work.

Test ID Sample
number

Figure
number

Test name Test description

CP-7.5-L 1 Fig. 4 Casing pressure Casing pressure increased from 0 to 35 MPa,
constant flow rate of 7.5 ml/min

CP-7.5-U 1 Fig. 4 Casing pressure Casing pressure decreased from 35 to 0 MPa,
constant flow rate of 7.5 ml/min

CP-60-L 1 Fig. 4 Casing pressure Casing pressure increased from 0 to 40 MPa,
constant flow rate of 60 ml/min

CP-60-U 1 Fig. 4 Casing pressure Casing pressure decreased from 40 to 0 MPa,
constant flow rate of 60 ml/min

CP-60-LR 1 Fig. 4 Casing pressure Repeat of CP-60-L test
CP-150-L 1 Fig. 4 Casing pressure Casing pressure increased from 0 to 40 MPa,

constant flow rate of 150 ml/min
CP-150-U 1 Fig. 4 Casing pressure Casing pressure decreased from 40 to 0 MPa,

constant flow rate of 150 ml/min
AD-PS 2 Fig. 6 Axial displacement Prior to the axial loading of the casing

20 MPa casing pressure, constant flow rates
of 60 and 150 ml/min

AD-S1 2 Fig. 6 Axial displacement Axial displacement of casing through the
cement, displacement 1
20 MPa casing pressure, constant flow rates
of 60 and 150 ml/min

AD-S2 2 Fig. 6 Axial displacement Axial displacement of casing through the
cement, displacement 2
20 MPa casing pressure, constant flow rates
of 60 and 150 ml/min

AD-S3 2 Fig. 6 Axial displacement Axial displacement of casing through the
cement, displacement 3
20 MPa casing pressure, constant flow rates
of 60 and 150 ml/min

AD-S7 2 Fig. 6 Axial displacement Axial displacement of casing through the
cement, displacement 7
20 MPa casing pressure, constant flow rates
of 60 and 150 ml/min
Table 2
Summary of the material properties used in the numerical model.
Parameter Unit Casing and

outer shell
Formation Cement Contacts

Young’s modulus GPa 200 15 8 –
Poisson’s ratio – 0.26 0.2 0.2 –
Cohesion MPa – 10 10 –
Friction angle

◦

– 30 20 –
Casing–cement
bond strength

kPa – – – 500
the initial bond between the cement and the casing. Once the
tensile stresses at the contact exceeded the bond strength, the
cohesive bond was eliminated, and the contact surfaces were
free to separate. When appropriate, fluid pressure was applied
at the microannulus surfaces after debonding. A von Mises failure
criterion was used for the casing and the outer shell, while Mohr–
Coulomb failure criterion was used for the cement and the rock
formation.

The simulations followed a similar stress path as the exper-
ments. Initially, the inner casing pressure was set to 20 MPa
o mimic the pressure during the cement curing stage in the
xperiments. The annular space between the casing and the for-
ation analog was set to be empty. The cement was then placed

n the annular region at an initial stress equal to the curing
ressure (300 kPa). The cement was assumed to be fully bonded
o the casing and the formation (aperture was set to zero at
he interfaces). The casing pressure was then dropped to zero,
imilar to the procedure followed in all our experiments in order
o create the initial microannulus. The casing pressure was raised
radually from 0 to 40 MPa, and fluid pressure was applied to
he interface, and the aperture, stresses, and displacements in the
odel were recorded.
5

The model was used to calculate the mechanical aperture at
all three interfaces, i.e. casing–cement, cement–formation, and
formation–shell interfaces. In all the simulations under the lab-
oratory boundary conditions, all changes in aperture occurred at
the casing–cement interface. Therefore, in the rest of this paper
we refer to the aperture of the casing–cement interface as the
aperture of the microannulus.

3. Results

3.1. Impact of casing pressure

The first sample was used to measure the impact of casing
pressure on the hydraulic aperture of the microannulus. Fig. 4
shows the change in the hydraulic aperture with respect to casing
pressure. The first load cycle, measured at a constant water flow
rate of 7.5 ml/min, starts at a hydraulic aperture of 26 µm at zero
casing pressure. This indicates the initial hydraulic aperture of the
microannulus that is formed after curing, as the casing pressure is
dropped from 20 MPa to zero (at a stabilized upstream pressure of
300 kPa). The aperture decreases as the casing pressure increases,
due to casing expansion. The aperture drops to 15 µm at 35
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Fig. 4. Hydraulic aperture versus casing pressure for the first sample during
hree pressure cycles.

Pa during the load cycle. The unloading path in the first cycle
ndicates similar aperture values as the loading path. During the
oading of the second cycle at a flow rate of 60 ml/min, aperture
ecreases from 32 µm at 0 MPa to 21 µm at 40 MPa. As the casing
ressure is dropped back to 0, aperture returns to the initial value
f 32 µm. The second load cycle was repeated at the same casing
ressure and flow rate. The repeated tests show similar results,
hich indicates acceptable repeatability of the experiments. The
ydraulic aperture during the third cycle at 150 ml/min flow rate
rops from 35 to 29 µm, as the casing pressure increases from 0
o 40 MPa. The unloading path follows the same trend. The tests
onducted at higher flow rates (i.e. flow pressure) consistently
how higher hydraulic apertures. This is due to higher upstream
low pressures needed to maintain a higher flow rate. Table 3
rovides a summary of the experimental data for the casing
ressure tests.
Fig. 5 shows the numerical results for the mechanical aperture

t the casing–cement interface, as the casing pressure is dropped
rom the initial 20 MPa, during the cement curing, to zero (solid
ine). According to the results, a microannulus begins to form
s the casing pressure reaches 12 MPa. The mechanical aperture
f the microannulus increases abruptly to 47 µm when casing
ressure is reduced from 12 to 8 MPa. This indicates that the
asing–cement interface is fully debonded at 8 MPa. As the casing
ressure drops to zero, mechanical aperture increases linearly
o 72 µm. When the casing is pressurized again, the microan-
ulus closes linearly with increasing casing pressure, until it is
ully closed at 20 MPa. The microannulus remains closed as the
ressure further rises to 40 MPa. No failure was observed in the
ement elements due to the casing pressurization to 40 MPa. In
ur flow experiments, water at the inlet of the microannulus is at
pressure between 0.2 to 5 MPa, and at the outlet atmospheric
ressure is applied. To account for the impact of water pressure
n the microannulus opening, the average water pressure for
ach test is applied to the cement and casing surfaces at the
icroannulus. Fig. 5 shows the case for an average water pressure
f 2 MPa (average of inlet at 4 MPa and outlet at near zero), as
he casing is pressurized. A 2 MPa water pressure expands the
icroannulus from 72 to 94 µm at zero casing pressure. The
icroannulus stays open until casing pressure reaches 25 MPa.
6

Fig. 5. Mechanical aperture calculated using the numerical model following a
similar casing pressure path to the experimental data.

Fig. 6. The change in hydraulic aperture of the microannulus with repetitive
axial displacements at 20 MPa casing pressure.

3.2. Impact of axial displacement

In this set of experiments, the casing pressure was held at 20
MPa while the casing was pushed through the annular cement
using a load frame. Axial load and casing displacement were
recorded. The casing was displaced through the cement seven
times in total. Fig. 6 illustrates the hydraulic aperture of the
microannulus after repetitive axial casing displacements, at an
inner casing pressure of 20 MPa. After each displacement, the
hydraulic aperture was measured at flow rates of 60 and 150
ml/min. According to Fig. 6, hydraulic aperture at 60 ml/min
flow rate slightly increased from 22 to 30 µm after the first
two displacements but dropped back to 22 µm after the third
displacement. Hydraulic aperture was only measured again after
displacement 7, which showed an increase to 25 µm. At 150
ml/min flow rate, the hydraulic aperture was consistently higher,
ranging between 29 and 35 µm, and following the same trend
with the casing displacements. Each casing displacement changed
the aperture within a tight range, but no discernible trend was
found.
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Table 3
Summary of the experimental data for the casing pressure (CP) tests.
Test ID Pcasing Flow rate Pupstream Pdownstream Hydraulic aperture

MPa ml/min MPa MPa microns

CP-150-L

0 150 2.7 0.1 34.4
5.2 150 3.35 0.1 32.2
10.8 150 4.1 0.1 29.3
15.4 150 4.5 0.1 29.3
20.8 150 4.6 0.1 29.1
25.4 150 5 0.1 29.4
30.5 150 5 0.1 28.3
35.6 150 5.2 0.1 27.7
40.7 150 5.3 0.1 27.4

CP-150-U

30.2 150 5 0.1 28.3
20.2 150 4.7 0.1 28.8
10.2 150 4.2 0.1 30.3
4.9 150 3.7 0.1 32.3
0 150 1.5 0.1 32.3

CP-60-L

5.1 60 2.1 0.1 26.3
10.6 60 3.2 0.1 22.6
15.3 60 3.5 0.1 22.8
20.9 60 3.7 0.1 22.3
25.3 60 4 0.1 22.7
30.2 60 4.3 0.1 22.6
35.5 60 4.3 0.1 22.1
40.2 60 4.3 0.1 21.7

CP-60-U

20.4 60 3.8 0.1 22.3
15.8 60 3.6 0.1 23.2
10.4 60 3.2 0.1 24.7
5 60 2.4 0.1 28.0
0 60 1.7 0.1 32.0

CP-60-LR

10.1 60 3 0.1 23.8
20.5 60 3.9 0.1 21.9
25.4 60 4 0.1 21.6
30.6 60 4 0.1 21.7
35.6 60 4 0.1 21.9
40.5 60 4 0.1 22.0

CP-7.5-U
20 7.5 1.3 0.1 16.0
10 7.5 0.7 0.1 19.7
0 7.5 0.3 0.1 26.2

CP-7.5-L

10 7.5 0.8 0.1 18.9
20.7 7.5 1.5 0.1 15.3
25.3 7.5 1.7 0.1 14.7
30 7.5 1.7 0.1 14.7
35 7.5 1.7 0.1 14.7
a
e
l

4. Discussion

4.1. Mechanisms controlling microannulus development

4.1.1. Normal displacement (debonding)
Fig. 5 demonstrates the numerical results of the mechanical

perture opening and closure. As the casing pressure drops, the
asing contracts and a microannulus is formed, linearly increasing
o a mechanical aperture of 72 µm. The increase in the me-
hanical aperture is equal to the decrease in the casing outer
iameter, largely dependent on the casing material’s Young’s
odulus. Therefore, in the present experiments and model, casing
ontraction and expansion largely controls the mechanical size of
he microannulus. Once the casing is pressurized again, it expands
o its original size and completely closes the microannulus (in
he mechanical sense), as the casing is expected to be an elastic
aterial under the test conditions.
The behaviour of the hydraulic aperture in the experiments is

n some aspects different, as depicted in Fig. 4. As the microan-
ulus is generated by dropping the initial casing pressure to zero,
ydraulic aperture increases to a range between 25 and 45 µm,
ess than the mechanical aperture calculated from the numerical
odel (94 µm at 2 MPa average flowing water pressure). As the
asing is pressurized again, the hydraulic aperture remains open
t a residual value between 15 and 30 µm, while the mechanical
7

perture fully closes. This behaviour can be attributed to the pres-
nce of asperities on the cement’s surface that provide residual
eakage flow paths even if the microannulus mean mechanical
aperture is zero. Therefore, hydraulic aperture values measured
in our experiments are not equal to the mechanical apertures
predicted by the finite element model. Numerical models assume
perfectly smooth surfaces. Therefore, their predictions indicate
the mean mechanical aperture. The presence of asperities can
lead to a standard deviation from the mean value, which leads
to open gaps in the fracture that allow fluid flow, i.e. a residual
hydraulic aperture.

In Fig. 4, hydraulic aperture is higher for tests conducted
at higher water flow rates. An increase in water rate causes
an increase in the average water pressure in the microannulus
(Table 3). This leads to further widening of the microannulus.
Therefore, the hydraulic aperture is both a function of the casing
and microannulus fluid pressure. The impact of fluid pressure is
also apparent in the numerical results presented in Fig. 5. During
the CP-60-L test, the casing pressure was increased from 0 to 40
MPa. The casing pressure was then dropped to 0 during the CP-
60-U test, and re-pressurized again to 40 MPa during CP-60-LR
test. The hydraulic aperture was measured at 60 ml/min water
flow rate for all three tests. According to Fig. 4, all three tests
show similar hydraulic aperture values indicating the reversibility
of hydraulic aperture behaviour with casing pressure during three
load/unload cycles.
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Fig. 7. Residual hydraulic aperture for the CP-60-L and CP-7.5-L experiments.

.1.2. Shear displacement
Fig. 6 shows the hydraulic aperture of the microannulus after

ach casing displacement measured at 20 MPa casing pressure
nd two different flow rates. The hydraulic aperture varies be-
ween 29 and 35 µm for 150 ml/min flow rate and between 22
nd 30 µm at 60 ml/min flow rate. The increase in hydraulic aper-
ure with flow rate is indicative of the impact of microannulus
ressure. The measurements at each flow rate follow the same
rend. However, the hydraulic aperture does not show a trend
ith the number of casing displacements. We conclude that the
xial movement of the casing does not have a major impact on the
ydraulic aperture of the microannulus. Shear displacement can
ncrease the fracture permeability (typically in the direction per-
endicular to the displacement), if it is accompanied by dilation
ormal to the fracture face46. However, the particular geometry
nd boundary conditions in a wellbore do not allow for normal
ilation at the casing–cement interface. In addition, the direction
f flow is the same as the shear displacement which makes it less
ikely to alter the permeability. This explains the small impact of
asing displacements on the permeability of the microannulus.
he small increase or decrease in hydraulic aperture after each
isplacement can likely be attributed to changes in the surface
oughness of the microannulus arising from the frictional forces
etween the casing and cement surfaces.

.2. Residual aperture

The microannuli never fully closed in our tests, even though
asing pressures reached values as high as 40 MPa. Based on
ig. 4, hydraulic apertures of the microannuli reach a relatively
onstant value at high casing pressures. This likely indicates that
here is sufficient roughness between the surfaces of the casing
nd cement to allow for flow to exist even at high casing pres-
ures. We define the residual aperture as the hydraulic aperture
f the microannulus at high casing pressures, when the change
n hydraulic aperture with casing pressure becomes negligible
within the range of pressures in this work). Fig. 7 visualizes
he residual aperture of the microannulus for the CP-60-L and
P-7.5-L experiments.
Residual apertures in this work were observed to be depen-

ent on the fluid pressure inside the microannulus (Table 3).
nce the two faces of the microannulus come into contact, the
oughness of the two surfaces will leave a flow path open. This
8

Fig. 8. Residual aperture versus average fluid pressure for the casing pressure
tests.

flow path could be envisioned as a compressible porous media.
Therefore, the presence of pore pressure inside the microannu-
lus could increase the residual aperture. The residual aperture’s
compressibility can then be defined as:

cp =
1
er

∂er
∂P

(2)

Integrating Eq. (2), we obtain the following relationship between
the residual aperture and fluid pressure:

er = ei exp(cpP) (3)

where, er is the residual aperture, ei is the intrinsic residual
aperture (at zero fluid pressure), cp is compressibility, and P is the
fluid pressure in the microannulus. Fig. 8 shows the relationship
between the residual aperture and the average fluid pressure for
the casing pressure tests (Fig. 4). According to Fig. 8, the intrinsic
residual aperture and the compressibility of the microannulus
for the first sample are approximately 10 µm, and 0.35 MPa−1,
espectively.

The presence of a residual aperture is also supported by other
nnular flow experiments reported in the literature.28,31 Ther-

mally generated microannuli in the study by Stormont et al.31
indicated a residual aperture of approximately 5 µm. The exper-
iments reported by Boukhelifa et al.28 showed residual apertures
within 5 to 10 µm. Both these studies were conducted at low
fluid pressures. Therefore, the reported values are indicative of
intrinsic residual apertures. The large-scale experiments in this
work show an intrinsic residual value of 10 µm which is on the
higher end of the small-scale experiments by Stormont et al.31
and Boukhelifa et al.28

The intrinsic residual aperture could be correlated with
the surface roughness of the cement at the casing–cement
interface.35,47 Welch et al.32 conducted shear tests using a triaxial
direct shear apparatus. The samples were cylindrical (2.5×2.5 cm)
plit vertically with half comprised of cement and the other
alf of steel. They performed surface profilometry of the ce-
ent surfaces after the shear tests and reported a mean-squared

oughness of 10.8 and 4.8 µm depending on the curing time.
he reported hydraulic apertures were in the same order of
agnitude. The surface roughness values measured by Welch
t al.32 are close to the intrinsic residual aperture in this work. It
hould be noted that their measurements were conducted after
hearing tests which could have impacted the surface roughness
f the cement. The scale and the geometry of the cement surfaces
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in this work are also very different than the samples used by
Welch et al.32 , which could lead to different roughness values.
xistence of a residual aperture at the microannuli has important
onsequences for well leakage. The residual aperture could main-
ain a minimum level of fluid leakage that cannot be mitigated
y means of mechanical loading. However, it can be mitigated by
hemical processes such as precipitation of minerals.48 Further
investigations on the relationship between the residual aperture
of the microannuli and surface roughness is needed to identify
optimum leakage mitigation measures.

4.3. Hydraulic versus mechanical apertures

In this work, we used a finite element model to calculate the
mechanical aperture of the microannulus at the casing–cement
interface. However, the aperture values calculated from the flow
experiments represented the hydraulic apertures of the microan-
nuli. Hydraulic aperture is usually smaller than the mechanical
aperture due to roughness of the microannulus surface and flow
path tortuosity.38,41 They can be assumed to be equal when the
roughness between the two surfaces is much smaller than the
aperture size.47,49 The roughness of the cement surface is likely
of the same order of magnitude as the aperture sizes in our
experiments.32 Therefore, we expect a difference between the
magnitude of the mechanical and hydraulic apertures.

Geomechanical modelling is an effective way to assess the
integrity of the annular cement in the wellbores under different
geological and operational settings.22 These models have been
also used to predict the aperture of the microannulus considering
the operational history of a well.18,37 However, the model pre-
dictions are mechanical apertures which need to be translated
to hydraulic apertures to estimate well leakage. To bridge the
gap between the model predictions and annular fluid leakage, we
need to understand the relationship between the mechanical and
hydraulic apertures of the microannulus.

The relationship between the hydraulic and mechanical aper-
tures of fractures has been extensively studied.38–41 Barton et al.40
proposed the following empirical relationship between the hy-
draulic and the mechanical aperture and the Joint Roughness
Coefficient (JRC):

eh =
em2

JRC2.5 (4)

where, eh is the hydraulic aperture, em is the mean mechanical
aperture and JRC is the joint roughness coefficient as defined
by Barton and Choubey50 . More sophisticated correlations have
been proposed that incorporate the standard deviation of the
mechanical aperture measurements, and contact area between
the two faces of the fractures.39,41,51,52 An important shortcom-
ng of Eq. (4) and other correlations in the literature is that
hey do not result in a residual hydraulic aperture when the
echanical aperture approaches zero. We propose the following

elationship that honors the observation of residual aperture in
he experiments:
eh
er

= exp(a
em
er

) (5)

here, er is the residual hydraulic aperture, eh and em are the
ydraulic and mean mechanical apertures, and a is an empirical
arameter. In Eq. (5), mechanical and hydraulic apertures are
ormalized using the residual aperture. For elastic deformation of
sperities, we can replace the expression for the residual aperture
rom Eq. (3) in Eq. (5) to obtain:

eh
= exp(a

em ) (6)

ei exp(cpP) ei exp(cpP)

9

Fig. 9. Plot of the normalized hydraulic apertures from the casing pressure
experiments versus the normalized mechanical apertures from the numerical
modelling results.

Based on Eq. (6), as the mechanical aperture approaches zero, hy-
draulic aperture approaches the residual value (which is depen-
dent on flowing fluid pressure), as observed in our experimental
results. Both the intrinsic residual aperture and the parameter a
are expected to be related to the roughness of the cement surface.
Using an intrinsic residual aperture of 10 µm, and a compress-
ibility of 0.35 MPa−1 (obtained from Fig. 8), Fig. 9 presents a plot
of the normalized hydraulic apertures from our casing pressure
experiments and the normalized mechanical apertures from the
numerical results.

A curve fit of the data presented in Fig. 9 returns a value
of 0.135 for parameter a with a R2 of 0.934. Using this value
for a, Fig. 10 provides a plot of the hydraulic versus mechanical
apertures calculated using Eq. (6), assuming an intrinsic residual
aperture of 10 µm. The hydraulic apertures measured in this
work are also plotted against the mechanical apertures estimated
using the numerical model. Fig. 10 indicates that Eq. (6) can
describe the relationship between the mechanical and hydraulic
apertures with reasonable accuracy. Average fluid pressures of 0.5
and 2.5 MPa are considered in Fig. 11, as they represent the lower
and upper bounds of fluid pressure in the experiments. According
to Fig. 10, due to the presence of a residual hydraulic aperture,
eh is higher than em at low mechanical apertures. However, as
the mechanical aperture increases, it eventually exceeds the hy-
draulic aperture. Barton’s (1985) equation (Eq. (4)) is also plotted
in Fig. 10, assuming a JRC of 6 to best fit the experimental data.
The results show that Eq. (4) does not adequately describe the
trend in the experimental results.

In order to use Eq. (6), an estimate of the intrinsic residual
aperture is required. This could be dependent on surface rough-
ness of the cement at the microannulus interface. The results of
our large-scale experiments indicate an intrinsic residual aperture
of 10 µm and residual aperture values ranging between 15 and
30 µm, depending on the fluid pressure. Based on this range
of residual apertures, our results show that setting the fitting
constant ‘‘a’’ equal to 0.135, sufficiently describes the data. It
must be noted that if the residual aperture magnitude changes
significantly, the value of a should also be scaled accordingly.
In addition, at high mechanical apertures (over 1000 µm in the
present case), Eq. (6) returns eh values higher than em, which
would be incorrect. At high mechanical apertures, hydraulic and
mechanical apertures are equal. Therefore, Eq. (6) should only
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Fig. 10. Plot of the hydraulic versus mechanical apertures using Eq. (4) and Eq. (6) at fluid pressures of 0.5 and 2.5 MPa, along with the experimental results.
m

be used for the lower range of mechanical apertures, ideally
below 500 µm. This range should be sufficient for well integrity
roblems including a microannulus. The same restriction applies
o classic relationships between eh and em, such as in Eq. (4).

Eq. (6) provides a new relationship between the mechanical
pertures calculated using well integrity models and the hy-
raulic apertures that determine fluid leakage through microan-
uli. Using the mechanical aperture calculations to determine
low can greatly overestimate the fluid leakage along a wellbore
f a microannulus is open. Subsequently, if the microannulus is
ormed but is closed due to high casing pressures or tempera-
ures, fluid leakage could be underestimated by relying solely on
he results of the mechanical models. Therefore, incorporating
he results of this work in well leakage models will yield bet-
er forecasts of critical apertures for loss of zonal isolation and
ssessment of potential fluid leakage rates.

.4. Implications for well leakage calculation

In order to assess the applicability of the measured hydraulic
perture values in this work to actual well leakage scenarios, we
erformed a literature review for methane emission measure-
ents from oil and gas wells. There are several recent studies that
ave measured methane emissions at oil and gas wellheads (Ta-
le 4), using a static chamber methodology.53 The measurements
ere calibrated by recording the baseline methane emissions

n the vicinity of the wells. Table 4 summarizes the results of
0 leakage datasets. 8 of the datasets were gathered from the
nited States, 1 from the UK, and the remaining dataset was from
bandoned oil and gas wells in the Netherlands. Each dataset
ontained several wells, ranging from 19 to 147. Each publica-
ion has reported different statistical parameters and different
nits of leakage. To make the comparison possible, we have
nly summarized the average and the maximum leakage rates
ncountered in their results, in kg/yr. The average leakage rates
n these datasets are relatively small, ranging between 0 and
64 kg/yr for abandoned wells and 1218 kg/yr for active wells.
o put these numbers into perspective, a dairy cow on average
eleases 100 kg of methane per year.54 However, in most cases
the maximum leak rate was at least an order of magnitude
higher than the average. The max leakage rates in all datasets
10
ranged between 2 and 3881 kg/yr for abandoned wells, and
28286 kg/yr for actively producing wells. It should be noted that
only one dataset included measurements for active wells. More
leakage measurements on active wells are needed to improve the
confidence for this comparison.

We wish to investigate whether the magnitude of the leak
rates observed in the field-scale measurements are in line with
the hydraulic apertures measured in this work, should microan-
nuli develop along the entire well sections from leak source to
surface. To this end, we designed a thought experiment of a
hypothetical abandoned well with a microannulus connecting a
gas pocket to surface. The gas bearing formation was assumed to
be 1500 metres deep at hydrostatic pore pressure. We calculated
the hypothetical steady-state methane leakage to surface consid-
ering various aperture sizes using Eq. (7). Eq. (7) presents a more
generalized form of Eq. (1), suitable for calculating gas leakage
through a microannulus.60

ṁ =
ρ(P, T )
µ(P, T )

×
πReh3

6
∂(P − ρgz)

∂z
(7)

˙ is the mass flow rate of gas, ρ and µ are gas density and
viscosity, R is the casing outer radius, eh is the hydraulic aperture
of the microannulus, P is the gas pressure, and z represents depth.
Eq. (7) considers the impact of gravity, which is significant in case
of gas leakage to surface. Other assumptions in Eq. (7) include
steady-state flow, single phase fluid, and laminar flow regime.
Gas density and viscosity are strong functions of pressure and
temperature. This complexity hinders a straightforward solution
to Eq. (7). We calculated the gas rate in Eq. (7) numerically, using
a procedure similar to Hongjun et al.61 . Peng and Robinson62

equation of state was used for calculating methane compressibil-
ity (used for density calculations) and the measurements by Lee
et al.63 were used to estimate methane viscosity.

Fig. 11 provides a summary of the maximum and average
leakage rates measured in all the datasets covered in this work.
Additionally, the dashed horizontal lines in Fig. 11 illustrate the
calculated leakage rates at specific hydraulic aperture sizes, using
Eq. (7). The results show that the average leak rates reported
in the datasets correspond to average hydraulic aperture sizes
in the range of 1 to 30 µm. The maximum measured leak rates
correspond to average aperture sizes between 2 and 100 µm. This
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Table 4
Summary of the leak rate measurements at the wellheads of oil and gas wells.
Source Location No. of

wells
Status Max leak rate

(kg/yr)
Average leak rate
(kg/yr)

55 Pennsylvania,
US

19 Abandoned - plugged and
unplugged

876 99

56 West Virginia,
US

112 Abandoned - plugged 105 1

56 West Virginia,
US

147 Abandoned - unplugged 1551 27

56 West Virginia,
US

79 Active 28286 1218

57 US - 4 States 119 Abandoned - plugged 2 0
57 US - 4 States 19 Abandoned - unplugged 1276 88
58 Pennsylvania,

US
53 Abandoned - unplugged 3066 193

58 Pennsylvania,
US

35 Abandoned - plugged 2540 131

59 UK 102 Abandoned - plugged 1718 364
34 Netherlands 29 Abandoned - plugged 3881 135
Fig. 11. Average and max leak rate measurements from various datasets compared to the calculated leakage rates using Eq. (7) (shown as dashed lines).
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is an overly simplistic well leakage scenario, as in reality leakage
pathways are likely formed from a combination of microannuli,
shear and radial cracks, cement channels, and uncemented seg-
ments. However, this analysis provides a first screening of the
magnitude of the leakage rates that could be caused by the range
of microannuli apertures measured in this work, and how they
compare to actual field measurements at the wellhead. It is of
interest to assess whether typical microannuli apertures from
models and experiments and the associated leakage rates are in
line with the leakage measurements in the field cases.

Fig. 12 demonstrates a contour plot of predicted surface leak-
ge rates of methane considering a range of hydraulic aperture
izes and depths of the gas source, assuming hydrostatic pres-
ures. Eq. (7) was used to generate this plot assuming that the
icroannulus connects the gas formation to the surface. This plot
an be used to obtain a quick estimate of the expected leakage
ate in a well, by estimating the mechanical aperture of the
icroannulus using geomechanical models and converting it to

he hydraulic aperture using Eq. (6). Conversely, we can identify
he maximum allowable hydraulic aperture size in a well to keep
he leakage below a threshold. For instance, Fig. 12 indicates that
 f

11
if hydraulic aperture can be maintained below 20 µm leakage
rates are below ∼100 kg/yr (equivalent to methane emissions
f a dairy cow) regardless of the depth of the gas source. These
perture estimates are likely conservative as the presence of
ater in the microannuli further hampers gas migration. This
ange is close to the residual aperture values measured in this
ork. In other words, while the microannulus does not seem to

ully close, keeping its hydraulic aperture at the residual value can
imit the leakage rate to amounts that are negligible compared
o natural baselines. Assessment of these critical thresholds can
ssist operators and regulators in designing well abandonment
onditions based on geomechanical models of the near wellbore
egion. One role of well integrity analyses is to identify and miti-
ate the likelihood of significant leaks from wells. The combined
arge-scale laboratory measurements and geomechanical mod-
lling approach in this study provides a methodology to forecast
he hydraulic apertures that can be present in the subsurface. This
ethodology could therefore be used to assess the leakage risks
or new and abandoned wells.
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Fig. 12. Contour of surface leakage rates of methane at various source depths
and aperture sizes assuming a hydrostatic pressure gradient.

5. Conclusions

In this study, we combined experimental analysis and numer-
cal modelling to assess microannuli development and leakage
ates at the casing–cement interface. We conducted a large-scale
xperimental campaign to understand the change in the hydraulic
perture of the microannuli at the casing–cement interface, un-
er different loading conditions. The results provide valuable
nsights into the mechanisms of aperture development and seal-
ng capacity of the cement sheath. The hydraulic aperture of the
asing–cement microannuli in a large-scale setup was measured
o be in the range of tens of microns. The hydraulic aperture de-
reased as the casing was pressurized to 40 MPa, but it remained
pen. A residual hydraulic aperture between 15 and 30 µm was

observed in our results. Our results show that axial displacement
of the casing does not significantly change the hydraulic aperture
of the microannulus. A finite element numerical model was used
to simulate the mechanical aperture of the microannuli under the
same conditions as the experiments. We investigated the rela-
tionship between the mechanical and hydraulic apertures of the
microannuli. A new equation is proposed to predict the hydraulic
aperture of microannuli using the mechanical aperture deter-
mined by numerical simulations. The proposed equation captures
the residual hydraulic aperture observed in our experimental
results.

A review of field-scale measurements of methane leakage
from abandoned wells support the order of magnitude of the
hydraulic apertures determined in the present experiments and
models. The large-scale laboratory measurements and modelling
results in this work provide a methodology to use geomechanical
models to forecast the hydraulic apertures that can be present in
the subsurface. The methodology could be used by operators and
regulators to determine the leakage risk of wells, and to devise
effective leakage mitigation and well abandonment strategies.
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