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Sustained casing pressure (SCP), surface casing vent flow (SCVF) and other expressions of annular fluid migration
are widely encountered zonal isolation issues. Conventional solutions for SCP/SCVF include perforate and
squeeze cementing, or section milling and recementing. Regrettably, the former approach shows only limited
success rates, while the latter involves time and cost intensive operations that require a drilling rig. We will show
that localized casing expansion (LCE) technologies offer promising alternatives, enabling rigless remediation of
annular fluid migration. The LCE concept involves imposing permanent deformation on the casing pipe to locally
enlarge its diameter. The associated annular volume reduction causes closure of defects such as micro-annuli and
cement fractures, plus potentially even larger voids, and results in an overall densification of the cement
microstructure. The Shell-developed Local Expander tool is e-line deployable and imposes the required casing
deformation in a mechanical, fully controlled manner. Tailored-shaped energetic charges offer valuable sup-
plementary means for achieving expansion. We will demonstrate the sealing effectiveness of LCE in both labo-
ratory experiments and field trials, describe how the radial deformation impacts the casing and cement, and
generally discuss the current state of knowledge, capabilities and limitations of LCE with respect to SCP/SCVF

remediation.

1. Introduction

With many oil and gas reservoirs nearing the end of their economic
and productive lifetime (Kaiser, 2015; Liversidge et al., 2006; Warne,
2004), there is a growing need for effective wellbore plugging and
abandonment (P&A) procedures (Barclay et al., 2001; Campbell and
Smith, 2013; Vralstad et al., 2019). Achieving robust zonal isolation, i.e.
ensuring unwanted fluid migration along the well trajectory is pre-
vented long-term, is a key P&A objective. Zonal isolation must be ach-
ieved to prevent seepage into the environment or potable water
resources (Smith et al., 2011) and maintain reservoir containment for
future reuse, e.g. in CO; sequestration (Wolterbeek et al., 2019; Wol-
terbeek and Raoof, 2018; Zhang and Bachu, 2011) or energy storage
applications (Bauer et al., 2013; Hou et al., 2013; Procesi et al., 2013).

In typical well designs, the borehole is lined with nested strings of
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steel casings and liners, which are fixed in place and sealed against each
other and the rock formations using low-permeability Portland cement.
These cement sheaths, while engineered to provide adequate zonal
isolation, are susceptible to several types of failure (Gasda et al., 2004).
Structural flaws such as fractures in the bulk cement or debonding at
casing-cement and cement-rock interfaces undermine sealing and can
result from various causes, starting with substandard well construction
or P&A operations (Barclay et al., 2001; Dusseault et al., 2000).
Incomplete removal of drilling mud or filter-cake before cement place-
ment, for example, may impair sealing integrity due to mud channel
(macro-annulus) formation or reduced cement-formation bond quality
(Agbasimalo and Radonjic, 2014; Ladva et al., 2005). Shrinkage
inherent to the hydration and setting of conventional (non-expanding)
Portland cements (Bosma et al., 2000; Chenevert and Shrestha, 1991;
Jandhyala et al., 2018; Reddy et al., 2007; van Eijden et al., 2017)
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produces a bulk volumetric contraction that can create debonding
microannuli along casing-cement and cement-formation interfaces
(Dusseault et al., 2000; Torsater et al., 2015; van Eijden et al., 2017).
Even if high-quality cement is placed without deficiencies and initially
provides a good seal, changes in the temperature or mechanical loading
subsequently experienced by the wellbore due to production or stimu-
lation may lead to progressive accumulation of damage (Kuanhai et al.,
2020; Lecampion et al., 2013; Orlic, 2009; Ravi et al., 2002; Wise et al.,
2020; Wolterbeek et al., 2016; Zeng et al., 2019). Internal casing pres-
sure cycling, for example, is known to cause debonding microannuli
along interfaces and radial cracks in the cement sheath (Boukhelifa
et al., 2005; Goodwin and Crook, 1992; Heathman and Beck, 2006).

The extent to which sealing integrity is impacted by the aforemen-
tioned processes depends on various factors, including the properties of
the hydrated cement, the geometry of the casing string, and the
behaviour of surrounding rock formations (Arjomand et al., 2018; Bois
et al, 2010, 2018; Bosma et al., 1999; Griffith et al., 2004; Wang and
Taleghani, 2014). Regardless of how damage is incurred, if sufficiently
interconnected, structural flaws in and around the cement may offer
pathways for annular fluid migration. Such unwanted seepage can
manifest itself at the wellhead as surface casing vent flow (SCVF), sus-
tained casing pressure (SCP) or gas migration (GM) (Nelson and Guillot,
2006). These phenomena are widely encountered zonal isolation issues,
though the statistics of their occurrence vary significantly between
available datasets and depend on exploitation history, regulatory his-
tory, basin geology and wellbore age, design and status (Davies et al.,
2014). Among nearly 440,000 wells that have been drilled in Alberta,
Canada since 1910 about 5% record SCVF/GM (Bachu and Watson,
2006; Natural Resources Canada, 2019). Note this includes about 7% of
abandoned wells (Boyer, 2016 in Natural Resources Canada, 2019).
Analysis of compliance reports for 41,381 wells drilled in Pennsylvania,
USA between 2000 and 2012 showed that ~1.9% of these wells
exhibited some form of integrity failure (Ingraffea et al., 2014). Based on
United States Minerals Management Service data, about 43% of
~15,500 wells located on the outer continental shelf of the Gulf of
Mexico (period 1973-2003) reported SCP on at least one casing annulus
(Brufatto et al., 2003). Remedial measures are required if SCP exceeds
the maximum wellhead pressure allowed by regulations or exceeds well
design criteria (Bourgoyne et al., 1999) or, equivalently, if SCVF exceeds
acceptable flow rate or fluid composition limits. In any case, known
impairments of zonal isolation must be remediated prior to abandon-
ment (Barclay et al., 2001).

Conventional approaches to SCP/SCVF remediation include perfo-
rate and squeeze cementing operations (Slater, 2010; Toor, 1983) and
cutting-pulling or section milling of the casing plus recementing (Joppe
et al., 2017; Nelson et al., 2018; Obodozie et al., 2016). Squeeze
cementing involves forcing cement slurry, under pressure, through
perforations in the casing into the target annular space or rock forma-
tion, in order to seal off fractures, voids and other defects (Fuller et al.,
2016; Nelson and Guillot, 2006). Unfortunately, this method is often
ineffective. A performance study analysing the effectiveness of squeeze
cementing operations conducted on wells in West Texas, USA found a
first-attempt success rate of only 34% (47 of 137 cases), while the
overall success rate for multiple attempts, up to five per well, did not
exceed 60% (Cowan, 2007). Studies on squeeze cementing operations in
Alberta, Canada and the Gulf of Mexico report success rates of around
50% (Saponja, 1999; Wojtanowicz et al., 2001). Surfactant treatment
may improve squeeze cementing efficacy, but multiple attempts typi-
cally remain needed (Winarga and Dewanto, 2010). In some jurisdic-
tions, section milling and under-reaming is preferred and often required
when annular fluid migration cannot be adequately remediated via
other means (Nelson et al., 2018). This method allows the casing and
cement to be removed over a specified interval, enabling subsequent
placement of a rock-to-rock cement plug. While this may be a relatively
reliable approach (Obodozie et al., 2016), removal of the casing by
milling or pulling requires a drilling rig and is generally a complex (e.g.
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swarf handling) and time-consuming, thus costly operation.

Given the above, there is clear scope for alternative approaches that
allow reliable remediation of annular fluid migration. One possible
method is to impose deformation on the innermost casing pipe and
permanently enlarge its diameter, as the associated reduction in annular
volume would bring about compressive closure of micro-annuli and
fractures, plus potentially even larger defects, while producing an
overall densification of the cement microstructure. This so-called casing
expansion concept was first explored by Kupresan et al. (2014, 2013),
who performed three lab experiments on ~60 cm long composite sam-
ples consisting of two concentric steel tubes with annular cement (outer
pipe: 101.6 mm outer diameter, 5.7 mm wall thickness; inner pipe:
60.3 mm outer diameter, 2.8 mm wall thickness). Initial annular sealing
in these samples was poor due to the presence of micro-annuli along the
casing-cement interfaces, resulting in equivalent permeabilities of
1.4 x 107!% to 7.0 x 107'2 m% The inner pipe was subsequently
lubricated and radially enlarged by 2-8%, over the entire length of the
sample, using a conical expansion mandrel. This led to noteworthy re-
ductions in equivalent permeability, which attained 3 x 107*° m? in the
initially most permeable sample and reached values below detection in
the others (Kupresan et al., 2014). Post-experiment analysis showed that
deformation in the cement sheath was accommodated by a combination
of pore collapse, structural reconfiguration of the cement matrix, and
displacement of free pore fluid. Note small perforations made in the
outer pipe of the samples allowed for cement extrusion and relief of
excess fluid pressure during the expansion process (see Fig. 8 of
Kupresan et al., 2014).

While the work of Kupresan et al. (2014, 2013) established the
sealing potential of casing expansion, the swaging method they used to
achieve the required pipe enlargement in their experiments is not easily
deployed in practice, particularly in existing wellbores (Wolterbeek
etal., 2018). Commonly-used casings and especially conventional casing
connections are simply not designed and too bulky for expansion using a
pull-through or hydraulically driven expansion cone (DelLange et al.,
2011). Even for solid expandable tubular technology (Bailey, 2009;
Filippov et al., 1999), which could possibly be installed as part of
remedial measures (Bargawi et al., 2005), expanding successfully
against fully set cement would be far from trivial if not unfeasible
(Fanguy et al., 2004). The swaging process will be complicated further
by mineral scaling and other lubrication issues (Di Crescenzo et al.,
2015), as frictional forces may cause cone expansion to induce damage
in the casing pipe (Byrom, 2014). Localized casing expansion (LCE)
technologies (cf. Cornelissen, 2019; Duncan, 2019; Kunz, 2017) over-
come these difficulties by imposing the radial enlargement over longi-
tudinally limited lengths of casing, e.g. as local indentations or “dents”,
bulging out the casing into the surrounding cement. Placement of mul-
tiple such dents allows intervals of cement sheath to be axially con-
strained, enabling effective cement compression and closure of
micro-annuli and fractures in the cement over longer length scales.
The Shell-developed Local Expander tool imposes the required in-
dentations in a mechanical, fully controlled manner (Cornelissen, 2019).
A technology being developed in parallel, called the Energetic Expander
tool, makes use of tailored shaped explosive charges to achieve similar
localized expansions (Ruckert, 2020). In this paper, we will describe
these two LCE technologies, demonstrate their sealing effectiveness in
both laboratory experiments and field trials, discuss how the imposed
radial deformation impacts casing and cement, and generally assess the
current state of knowledge, capabilities and limitations of LCE with
respect to SCP/SCVF remediation.

2. Local Expander tool description

The Local Expander tool is an e-line deployable technology that can
impose very localized, approximately ring-shaped radial deformations
on casing pipe (Cornelissen, 2019). A schematic diagram of a 7”-model
of the Local Expander tool is shown in Fig. 1. The head of the tool
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Fig. 1. Overview of a 7”-model Local Expander tool, with a) photograph of an expander element with sixteen hardened steel fingers and actuated cone, b)
photograph of the indentation marks visible on the inside of a casing pipe after Local Expander deployment (note the marks line up into rings), ¢) schematic cross-
section of the complete Local Expander tool, showing the expander head, hydraulic pistons and balancing cylinder.

consists of an expander element with sixteen hardened steel fingers
(Fig. 1a), which in their collapsed, unexpanded configuration allow the
tool to be freely moved up and down through the wellbore. Once in
position at a selected depth, the fingers of the expander element are
pressed radially outward by an actuated cone (Fig. 1a) driven by a series
of double-acting hydraulic cylinders located in the main body of the tool
(Fig. 1c). As the fingers move out, the casing pipe is locally deformed
plastically, creating a dent (Fig. 1b and Fig. 4). The fingers are subse-
quently retracted by reversing flow in the hydraulic cylinders. It takes
about 15 min to complete the indentation process, independent of the
axial force imposed in order to create the dent. Progression can be
monitored real time by tracking the electric current drawn by the tool.
The shape of the resulting dent and its impact on the surrounding
cement will depend on the grade, size and weight of the casing pipe.
Generally, however, the longitudinal extent over which the outer surface
of the casing is deflected by a single indentation will be in the order of
10 cm. It should be noted that the cement is affected over considerably
longer lengths, though, particularly once the cement sheath is axially
confined due to placement of multiple dents. Dents are therefore pref-
erably placed in sets of three, with the middle dent placed last, in order
to maximise defect closure and cement densification over the length of
cement located in between the first two dents. The Local Expander tool is
pressure compensated, so that tool performance does not vary with
application depth. Various Local Expander tool models and expander
element head types are available or currently being developed for use in
different casing size ranges (Table 1, Appendix A).

Table 1

3. Energetic expander tool description

Energetic Expander technology can impose localized casing de-
formations similar to the Local Expander tool. The Energetic Expander
tool is deployable using e-line or digital slick line on a standard tool
string equipped with a casing collar locator, weight bar, two centralizers
and a shock sub. Developed in collaboration with W.T. Bell Interna-
tional, Inc., the Energetic Expander tool design (Fig. 2) is based on a
modified shaped-charge explosive pipe cutter (Rairigh, 2020a, 2020b).
Instead of cutting a tubular, the shaped charge configuration is tailored
to create a pressure wave that causes plastic deformation and localized
enlargement of the casing pipe without inducing material failure
(Ruckert, 2020). This method of expansion also enables application in
wellbore geometries that preclude use of the Local Expander tool, e.g.
due to inner diameter (ID) restrictions or small running clearances. Two
versions of the Energetic Expander tool exist, namely single-shot (EE-SS)
and multi-shot (EE-MS) tools. The latter is equipped with three explosive
charges, spaced 30 cm apart, allowing for simultaneous placement of a
complete set of dents in a single tool run. The fixed dent spacing of the
EE-MS tool also alleviates the requirement of high-accuracy depth
control for the placement of multiple dents in close proximity, enabling
deployment on slick-line. The Energetic Expander tool is currently
available for casing pipe ranging from 3 to 1/2” to 7” nominal size
(= 8.9-17.8 cm OD).

Overview of Local Expander tool specifications. OD denotes outer diameter; * ‘OD head (collapsed)’ corresponds to the minimum required casing inner diameter (ID)

drift size, required for the tool to move freely up and down the bore. The “C” and “T” in expander head type names denote newer, improved designs.

Local Expander tool 4-1/2"-model 7"-model 9-5/8"-model

expander head type (= target casing OD) 4-1/2" 4-1/2"T 5-1/2” 5-1/2"CT 7" 7'CT  7-5/8'CT 9-5/8” 9-5/8'CT 9-5/8'CT 10-3/4'CT 13-3/8"CT
OD body [mm] 90 90 90 90 143 143 143 143 143 207 207 207

OD head (collapsed)*[mm] 92.0 90.0 109.0 108.0 153.0 153.0 168.0 212.7 210 210.0 231.0 304.8

OD head (expanded) [mm] 114.6 117.1 139.5 144.9 177.4 187.0 202.0 237.1 244 306.0 327.0 400.8
max. radial increase [mm] 11.3 13.6 15.2 18.5 12.2 17.0 17.0 12.2 17 48.0 48.0 48

max. stroke length [mm] 177 177 177 177 140 140 140 140 140 425 425 425

max. axial force [kN] 853 853 1192 1192 1438 1438 1438 1438 1438 3155 3155 3155

tool length [m] 7 7 8.5 8.5 4 4 4 4 4 4.7 4.7 4.7

tool weight [kg] ~300 ~300 ~350 ~350 ~350 ~350 ~350 ~350 ~350 ~750 ~750 ~750
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Fig. 2. Schematic cross-sections through a) conventional shaped charge pipe cutter design (with liners) and b) the new Energetic Expander tool (no liners), designed
to locally enlarge the casing pipe diameter without inducing casing fracture (Figure courtesy of W.T. Bell International, Inc.).

4. Laboratory and modelling programme
4.1. Sealing performance experiments

To assess the SCP/SCVF-remediation capabilities of the Local
Expander and Energetic Expander tools, a range of sealing performance
experiments has been conducted. These laboratory tests involved full-
scale composite samples, constructed from nested casing sections with
annular cement, closely simulating intervals of cemented wellbore. All
samples were created using conventional Class G Portland cements,
prepared in accordance with API RP 10B-2 (ISO 10426-2, 2005), using a
water-to-cement mass ratio of 0.44. The used samples were made to
contain micro-annuli along casing-cement interfaces, to ensure their
initial condition was permeable, i.e. represented situations of impaired
zonal isolation. Laboratory testing generally involved the following
steps. After establishing the initial transport properties of the wellbore
sample in a flow-through experiment, the LCE technologies were
deployed to locally enlarge the diameter of the inner casing. Following
placement of one or more (sets of) dents, their impact on sealing per-
formance along the sample was assessed in a second flow-through
experiment. After test completion, several samples were sectioned or
cored for visual inspection and microstructural study. Below we will
present more detailed accounts for two examples of the sealing perfor-
mance tests conducted.

4.1.1. Dual annulus laboratory testing of the Local Expander tool

The sealing effectiveness of the Local Expander tool has been
investigated in a dual annulus configuration. The 1.48 m-long wellbore
sample used for this test was made by concentrically nesting a K55
casing section (7” OD, 23 lIb/ft = 17.78 cm OD, 34.23 kg/m) inside two
L80 casing sections (9-5/8” OD, 53.5 lb/ft = 24.45 ¢cm OD, 79.61 kg/m,
and 13-3/8” OD, 68 lb/ft = 33.97 cm OD, 101.20 kg/m), mounted on a
steel bottom flange. After cement placement, two ring-shaped steel
flanges equipped with pressure line connections were welded on top of
the casing sections, allowing independent pressure control in the two
annuli. The cement was allowed to cure at ambient temperature under
20 bar static water pressure for 24 h. After slow depressurization, the
sample was allowed to cure further for about two months. Shortly prior
to testing, the disc-shaped bottom flange was removed to expose the

downstream end of the sample to atmospheric pressure (Fig. 3). Refer-
ence flow-through measurements were made in order to establish the
initial transport properties of each of the annuli, separately, measuring
the flow rate resulting from application of Ny pressure at the top end of
the sample.

After characterization of the original sample state, a 7”-model Local
Expander tool with standard head type (Table 1) was used to create a set
of three dents, placed sequentially at locations about 34 cm, 94 cm and
64 cm away from the upstream end of the sample. As explained, this
sequence was designed to axially lock the cement in place with the first
two dents, with the intention to maximise cement densification upon
placement of the third dent in between. How this procedure affected the
transport properties of the annuli was subsequently evaluated in a sec-
ond series of flow-through measurements. The Local Expander tool was
later used to impose a fourth dent, located about 50 cm from the inlet,
i.e. in between dents one and three, after which a third permeametry test
was conducted.

4.1.2. Laboratory testing of the energetic expander tool

The Energetic Expander tool was tested using a 1.3 m-long sample
consisting of two concentrically nested L80 casings (4-1/2” OD,
12.6 Ib/ft = 11.43 cm OD, 18.75 kg/m, and 7" OD, 26 1b/ft = 17.78 cm
OD, 38.69 kg/m) with annular cement. Cementing and flow-through
testing of the annulus were performed in the large-scale zonal isola-
tion test facilities previously described by Van Eijden et al. (2017). The
cement was cured at 80 °C and 100 bar Ny pressure, for three days, using
an inflatable mini-packer as a base. Following curing, this mini-packer
was deflated to create access to the entire annulus below the cemen-
ted interval, enabling flow-through testing. The initial transport prop-
erties of the sample were determined by measuring the flow required to
maintain the Ny pressure at the bottom of the sample, while imposing a
pressure difference across the sample (AP) by decreasing the N pressure
at the top.

After establishing its initial properties, the sample was slowly cooled
down and depressurised, and subsequently removed from the zonal
isolation test setup, for deployment of the Energetic Expander tool. In a
separate vessel, a 68.4 mm OD tool equipped with explosive charges was
used to create a single dent, located at roughly halfway the length of the
cemented section. The energetic expansion process was performed at
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Fig. 3. Photographs of the dual annulus laboratory test of the Local Expander tool, with a) end-view of the sample, showing the three casing pipes and the cemented
annuli, b) photograph of the sample (left) and the Local Expander tool head (right).
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Fig. 4. Finite element model of the Local Expander tool head and a casing pipe. Note the modelled pipe has initial ovality and wall thickness imperfections that are

symmetric about the x-y plane.

ambient temperature and under 100 bar water pressure. Afterwards, the
sample was reinstalled in the zonal isolation setup and subjected to a
second test, in order to evaluate whether annular sealing improved. This
experiment was performed at 80 °C and 50 bar background N pressure,
again measuring gas flow as a function of pressure difference imposed.

4.1.3. Post-experiment cement characterization

While we consider the sealing performance test results leading in
evaluating whether LCE-technologies can repair the hydraulic barrier
function of cemented annuli, an additional aim of the laboratory testing
was to assess the impact of LCE-induced deformation on the physical
integrity of the cement sheath. To this end, various cement samples and
subsections of casing-cement interface obtained from the sealing per-
formance studies and other tool functionality tests have been subjected
to visual inspection and microstructural analysis. Conducted analyses
include optical (reflected light) microscopy and X-ray computed to-
mography (XRCT).

4.2. Casing integrity studies

LCE technologies impose large stresses and strains on the casing pipe
to locally enlarge its diameter. The associated deformations could affect
the strength of the casing. Aside from evaluating the primary

functionality of LCE technologies in sealing performance tests, specific
studies were performed in order to assess the impact of LCE-induced
deformations on casing integrity.

4.2.1. Modelling of indentation process and subsequent burst or collapse
failure

How the presence of LCE-induced dents impacts the burst and
collapse strength of a casing has been investigated by means of finite
element analysis (FEA), performed using ABAQUS commercial software.
The FEA modelling involved simulation of the entire LCE process,
including radial extension and retraction of the Local Expander tool,
followed by simulation of burst or collapse loading. Various L80 casings
(9-5/8” OD = 24.45 mm OD) have been simulated, where the pipe
weight was varied between 36.0 and 61.1 Ib/ft (= 53.57-90.93 kg/m).
These nominal casing dimensions were augmented by representative
pipe shape imperfections (0.5% ovality, 10% wall thickness variation as
result of eccentricity), uniformly applied along the pipe length. The FEA
models considered a semi-pipe configuration (Fig. 4), where the largest
principal outer diameter and the eccentricity occur on the symmetry
plane. The simulated pipe length was seven times the casing outer
diameter, complying with specifications for physical testing (API TR
5C3, 2018; ISO 10400:2018, 2018).

The material properties of L80 steel used in the modelling were
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determined experimentally, in laboratory tensile tests performed on
round (rod-shaped) L80 test specimens with distinct notch radii (cf.
Ruggieri, 2004). The strain-hardening response has been calibrated
using an inverse method, thereby incorporating the large strain domain
as occurring in the post-necking phase of tensile tests (Ling, 1996).
Linear elastic material properties have been applied to the Local
Expander tool. The simulations do not consider the effects of external
cement or the surrounding casings and rock formations.

Radial extension and retraction of the Local Expander tool have been
simulated by incrementing the axial displacement of the actuated cone,
while axially fixing the set of expander fingers at the rear end position.
The expander fingers are then forced out radially due to the contact
definition between these members. For each pipe thickness, two
expansion cases have been considered, where the extent of radial
displacement was varied between 12.7 and 19.1 mm (cf. Local Expander
tool max. radial increase, Table 1).

The burst and collapse simulations have been set up to simulate
common laboratory testing conditions (API TR 5C3, 2018; ISO
10400:2018, 2018) of respectively capped-end, internal pressure and
pure-external pressure loading conditions. These burst and collapse
simulations use as starting condition the final geometry and distribu-
tions of (plastic) strains, strain-hardening and residual stresses resulting
from the simulated expansion and the subsequent retraction of the Local
Expander tool. The pressure has been applied incrementally until the
maximum bearing capacity of the pipe was reached. The results were
compared to reference FEA data, obtained by simulating burst and
collapse testing of an undeformed L80 casing (i.e. a dent of 0 mm radial
displacement), otherwise imposing the same pipe shape imperfections
and burst or collapse loading conditions.

4.2.2. Laboratory testing of casing burst load capacity

In addition to the FEA modelling, physical testing was conducted to
assess how the presence of LCE-induced indentations may impact casing
burst strength. In the physical test, the response to internal pressuriza-
tion of a dented casing was evaluated and compared to that of an
undented but otherwise identical casing pipe. Two sections of 1.5 m
length were cut from a single K55 casing (7" OD, 23 lb/ft = 17.78 cm
OD, 34.23 kg/m). After a 7”-model Local Expander tool was used to
create a dent midway along one of them, both sections were capped off
using welded steel flanges equipped with pressure line connections. Both
pipes were uncemented and longitudinally unconstrained. Burst load
capacity testing was performed in line with ISO 10400:2007 (API TR
5C3, 2018) practice, except for the pressure application rate, which
exceeded 344.74 bar/min during the initial stages of testing for both
samples. Pressurization was achieved by applying a constant pump rate,
using equipment with a maximum operating pressure of 650 bar. Similar
comparative testing was conducted on two 1.2 m sections of a T95 Type
1 casing (10-3/4” OD, 73.2 1b/ft = 27.31 cm OD, 108.93 kg/m). Here,
the dent was created using a mock-up expander head, similar to the
10-3/4"C-type (Table 1), actuated using a mechanical loading frame.
The dented casing was locally expanded to an outer diameter of
309.3 mm. For testing of the T95 Type 1 casing sections (API internal
yield pressure 695 bar), the experimental facilities were modified to
allow higher pressures (1000 bar).

5. Field trial programme

To assess the effectiveness of the Local and Energetic Expander tools,
a field-testing programme was implemented in the Canadian oil and gas
development region known as Groundbirch, in Northeast British
Columbia. A trial plan was presented to and approved by the local
jurisdictional regulator, with testing in the first trial well, involving
SCVF shutoff using the Local Expander tool, commencing in Fall 2018. In
total, six wells were part of the initial field-testing programme of the
Local and Energetic Expander tools. Per tool type, field testing was
executed in two phases: Phase 1 consisted of a single well, Phase 2
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involved two additional wells. For the Local and Energetic Expander
tools, these test wells will be referred to as WLE-# and WEE-#, respec-
tively. The two-phase testing strategy allowed time to interpret and
analyse the initial trial results and improve the tool string configuration
or intervention procedure prior to replication.

5.1. Regional geology and field development

The Groundbirch asset is located about 50 km south of Fort St. John,
British Columbia. The field lies within the Western Canadian geological
region known as the Peace River Region, situated at the western edge of
the Alberta Plateau within the Interior Plains (Catto, 1991; Mathews,
1986), east of the Northern Rocky Mountains.

Shell’s current field development strategy targets unconventional
natural gas from the Lower Triassic Montney Fm., situated ~2500 m
below the surface. Montney gas is trapped within an alternation of
siltstones and shales, and is extracted through hydraulic fracturing of the
formation. However, when Shell acquired the Groundbirch assets in
2008, the company also acquired an inventory of legacy exploration
wells that target various formations and utilize a variety of well designs.
These inherited legacy wells form the majority of Shell Canada’s sus-
pended well inventory. With an annual target of a 10% reduction in
suspended well counts through decommissioning efforts, Shell has been
actively working to improve understanding of the formations contrib-
uting to SCVF and the factors that contribute to successful and perma-
nent remediation thereof.

Well designs vary, but commonly include a surface casing, landed
below the base of useable groundwater (defined by the local regulator as
groundwater with up to 4000 mg/L total dissolved solids, for the pur-
pose of protecting potable water sources — BC Oil and Gas Commission,
2019) and cemented to surface, and a production casing, also generally
cemented to surface. Trajectories are usually vertical in the zones of
interest for wellbore seepage, although many wells are deviated or
horizontal in the producing horizon. Fig. 5 shows generalised wellbore
schematics, imposed on a simplified regional stratigraphy that indicates
the formations commonly contributing to wellbore leakage and those
used in caprock restoration efforts.

5.2. Field trial preparation and methods
5.2.1. Well selection and dent interval selection

All six trial wells were selected for testing based on the following
characteristics:

The base of groundwater protection is covered by surface casing and

surface casing has been cemented to surface with no evidence of

annular leakage (annular leakage outside of the surface casing is
known as gas migration).

e The production casing has been cemented to surface, as established
through primary cementing reports or logging data (in one case, the
well was cemented to surface in a remedial operation).

e Above each potential source formation, there exists at least a 2 m
interval of non-porous rock such as shale (defined below) and
adequate bulk cement in which to place expander dents. Optionally,
there is evidence of micro-annuli, suggesting the flow path of the
SCVF gas is near-casing.

e Source formations are not sour, and not significantly over-pressured
(under 11 kPa/m expected case pore pressure gradient).

e No known casing integrity issues exist, such as leaks or severe

corrosion.

Note that the above criteria are not intended as rigid, permanent
boundary conditions for application of LCE tools, rather they have been
applied as a simplification tool for early field trials in order to minimize
uncertainty and complexity when interpreting field trial results.

In preparation for each SCVF remediation job, an integrated subsurface
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Fig. 5. Generalised stratigraphy cross-section, from the northwest to southeast, of the Groundbirch field, with common intervals of focus for sources and caprocks in
SCVF remediation indicated. Internal shale breaks within intervals not represented at this scale. An idealised well schematic is given for WLE-1, representing the
architecture commonly encountered in legacy wells, including those discussed in this paper. Note that the general stratigraphy dips towards the southeast, where the
same formations are encountered deeper in the wells (approximate positions of the other five trial wells are indicated schematically, using dashed lines). Base of

groundwater is covered by surface casing in all wells.

evaluation was performed to determine the probable source(s) of the SCVF
gas. The factors considered in this evaluation include a full wellbore,
formation by formation analysis of gas flow potential, making use of
available log data to evaluate porosities and reservoir fluids, offset pro-
duction data, and other indications of gas such as historical kicks or dril-
ling mud gas, and a weighted ranking of the gas’ geochemical match,
based on carbon isotope data and composition ratios. These subsurface
data were overlain with current and historical logs, such as cement bond
logs (CBL), noise logs and neutron-density logs, as well as vent flow and
pressure data. The result of this integrated analysis was a list of formations
(typically one to three) that were interpreted to be the main contributors to
the SCVF.

Intervention depths were selected on the basis of the following
criteria:

e Presence of non-porous rock above the top porous package in the
source formation (best available in the region of interest, targeting
porosity <3%)

e Presence of sufficient cement and evidence for micro-annuli (near-
casing defects), as indicated by an improved bond index on a 7 MPa
pressure pass over a non-pressurised 0 MPa CBL.

5.2.2. Monitoring before, during and after intervention

Before commencing each intervention, a monitoring device capable
of measuring the real-time flow rate and flowing pressure would be
installed on the open surface casing vent. The vent flow monitoring
device, called a Vent Nanny V3 (Roke Technologies, 2020), uses a
positive displacement flow meter to measure the gas flow rate and
pressure. A zero-flow measurement using this device indicates that the
vent flow gas source is unable to produce enough pressure to overcome
the back pressure exerted by the positive displacement flow meter, equal
to 2.5 cm of water (~2.45 mbar). The device is thus designed to be
functionally equivalent to the traditional bubble test, which is mandated
by the local jurisdictional regulator and involves submerging the vent
opening in 2.5 cm of water and counting bubbles over a 10-min period.
The Vent Nanny V3 systems remained operational during and after the
interventions, continuously logging vent flow rate. Standard 10-min
bubble tests (Alberta Energy Regulator, 2003) were performed upon
removal of the monitoring system. In addition to the vent flow mea-
surements, post-intervention calliper and CBLs were obtained for the
dented intervals of wells WEE-2 and WEE-3. The six trial wells were
subsequently included in the Groundbirch annual SCVF monitoring
summer programme.

5.2.3. Dent placement

Dents were placed in sets of three, completed in the order top-
bottom-middle or bottom-top-middle, for both the Local and Energetic
Expander tools. This placement strategy ensured the annular cement
was axially constrained by the first two dents, allowing the middle dent
to create a densifying effect. For the Local Expander tool, the dents in a
set were spaced about 30 cm apart. For the single-shot Energetic
Expander tool (EE-SS), the spacing was increased to 50 cm, as a miti-
gation against added depth uncertainty associated with placing dents in
three separate runs. In the multi-shot Energetic Expander tool (EE-MS),
three explosive charges, spaced 30 cm apart, were activated
simultaneously.

For the Energetic Expander tool, reference tests using representative
casing sections and conducted at representative pressures were per-
formed to calibrate the amount of explosive needed to achieve the target
casing expansions in the trial wells. Since the energetic expansion pro-
cess is pressure-sensitive, a greater amount of explosive material would
be required to achieve the same target OD, when setting dents deeper in
a well. Based on reference tests using L80 casings (5-1/2” OD, 17 Ib/ft =
13.97 cm OD, 25.30 kg/m), a 106.7 mm OD Energetic Expander tool
armed with 146 g of HMX explosive was used in the WEE-1 field trial to
create dents across the deeper Wilrich Fm. For the shallower Base of Fish
Scales, capping the Paddy-Cadotte Fms. source, and for surface casing
isolation, 138 g of explosive was used. For the WEE-1 field trial, indi-
vidual dents would be placed on separate wireline runs, with the tool
remaining being pulled to surface and changed out after each dent.
Casing size and weight were identical for the subsequent WEE-2 field
trial. Accordingly, 138 g of HMX was used for both denting intervals,
aiming to expand the casing to 164 mm OD across the bottom of the
Shaftsbury shale Fm. and just inside the surface casing. In preparation of
EE-MS deployment in the WEE-2 field trial, a reference test using three
charges with 138 g of HMX explosive was performed. The expanded OD
obtained using the EE-MS tool was 2 mm less compared to the single-
shot configuration across all three dents. Additional testing was
required for the WEE-3 field trial, using a L80 casing (7 OD, 26 1b/ft =
17.78 cm OD, 38.68 kg/m). Based on the results, a 144.8 mm OD En-
ergetic Expander tool armed with 258 g explosive was used for all dent
intervals on trial well WEE-3.
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6. Laboratory and modelling results
6.1. Sealing performance studies

The functionality of the Local and Energetic Expander tools was
assessed in a series of laboratory sealing tests, performed on full-scale
samples representing intervals of cemented wellbore. The samples
were made to contain structural defects such as micro-annuli, to simu-
late initial conditions of impaired zonal isolation. Bearing in mind that
intact cement has a very low matrix permeability, typically in the range
of 102! to 1071 m? = 1 nD to 10 pD (Montgomery, 2006; Taylor,
1992), flow measured in the experiments likely occurred through these
fractures and micro-annuli. However, to facilitate evaluation of the
tools’ performance, we will describe the transport properties of the
samples (in both the initial and remediated state) in terms of their
equivalent permeability, requiv [m2]. This equivalent permeability is
calculated with respect to the length of the cemented section, L [m], and
the cross-sectional area of the annular region between the casings,
A =r(R% —R2) [m?], where R, [m] is the inner radius of the outer
casing and R;. [m] denotes the outer radius of the inner casing.
Following this definition, the transport properties of the samples can be
directly compared to those of a hypothetical, perfectly bonded and
cemented annulus section of equal dimensions, for which xequ, would
approach the cement matrix permeability. The k.q calculations are
performed using standard formulations for compressible flow (e.g.
Rushing et al., 2004) and fluid properties for dry N5 gas (NIST SRD-69),
according to the equation:

_ 20.4RTL
S M (P —Py)A
Here, Q,, [kg/s] is the measured N mass flow rate, u [Pa s] is the dy-
namic viscosity, R [J/K mol] is the gas constant, T [K] denotes tem-
perature, M [kg/mol] is the molar mass of No, and P, and P4 [Pa]
denote the applied pressure upstream and downstream of the sample,
respectively (note AP = Py, — Py).

6.1.1. Dual annulus laboratory testing of the Local Expander tool
Evaluation of the Local Expander tool involved tests on a 1.48 m-long
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cemented section with dual annulus configuration (Fig. 3). The initial
transport properties of the two cemented annuli were measured sepa-
rately. Fig. 6a and 6b show Ny flow rate versus applied pressure difference
for the outer and inner annulus, respectively. In the outer annulus (OA),
the measured flow rate increased linearly with imposed differential pres-
sure and exceeded the equipment measurement limit (900 norm.ml/min)
at differential pressures below 3 bar (Fig. 6a). This corresponds to
Kequiv-values in the range of 107 t0 107 ¥ m? =10 to 100 mD, reflecting a
scenario of compromised zonal isolation (Fig. 6¢). The inner annulus (IA)
showed slightly more complex behaviour, with significant flow rates
starting to register only upon application of differential pressures
exceeding 30 bar, ultimately reaching 250 norm.ml/min at AP = 50 bar
(Fig. 6b). This apparent pressure-threshold may reflect effects caused by
the casings’ elastic response to internal pressurization, e.g. hydraulic
opening of micro-annuli, or might be related to progressive displacement
of aqueous fluid originally present in the micro-annuli. In any case, these
effects complicate evaluation of the initial equivalent permeability of the
inner annulus. Disregarding the threshold in pressure and calculating xequy
per as described above yields values in the range of 10717 to 107 1® m? =
0.01 to 0.1 mD (Fig. 6d), while estimates based on the slope in Fig. 6b give
slightly higher values (10"°> m? = 1 mD).

At this point, a set of three dents was created using a 7”-model Local
Expander tool. The impact on the sample’s sealing integrity was sub-
sequently evaluated in a second series of flow-through tests. For the
inner annulus, application of differential pressures of up to 50 bar
resulted in flow rates reaching roughly 10 norm.ml/min (Fig. 6b). This
corresponds to an equivalent permeability of 1071 to 107" m? = 0.1 to
10 uD (Fig. 6d). These values fall within the range of what can be ex-
pected from a 1.48 m-long section of well-bonded, defect-free cement,
suggesting that the LCE process effectively restored zonal isolation in the
inner annulus. Turning to the outer annulus, here the flow rate increased
linearly with the applied differential pressure until it reached
~300 norm.ml/min at AP = 10 bar (Fig. 6a). This yielded an equivalent
permeability in the order of 10726 t0 1071° m? = 0.1 to 1 mD. While this
does not constitute complete restoration of zonal isolation, the Local
Expander tool thus accomplished a ten to hundredfold decrease in flow
rate in the outer annulus. This effect was achieved due to partial
transmission of the deformations and load applied to the inner pipe via
the inner annulus cement. Placement of the fourth dent did not
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significantly improve the sealing performance of the outer annulus.

6.1.2. Laboratory testing of the energetic expander tool

The Energetic Expander tool was evaluated using a 1.3 m-long
cemented sample containing 4-1/2"” and 7" OD casings (see Section 4.1.2).
The initial transport properties of the cemented annulus were determined
in a first zonal isolation test. Fig. 7 shows the applied pressure difference
(AP) and resulting N, flow rate versus time. Flow rates clearly exceeding
the noise level were observed after increasing the pressure difference
across the sample to 0.5 bar. Application of AP = 1 bar resulted in flow
rates exceeding 250 norm.ml/min and flow continued to increase slowly
during the next 2 h of measurement, without attaining steady state
(Fig. 7a). This behaviour corresponds to an initial equivalent permeability
in the order of 107'° t0 107'°* m? = 0.1 to 1 mD (Fig. 7Db).

At this stage, Energetic Expander technology was deployed to create
a single dent about midway the length of the cemented casing assembly.
The degree of expansion was assessed by measuring the outer diameter
of the 7 casing, which locally increased by up to 6.4 mm, i.e. ~3.6% OD
increase. The expanded sample was then subjected to a second zonal
isolation test, which showed the energetic LCE process had markedly
improved the sealing properties of the cemented annulus (Fig. 7c). The
initially higher flow rates (t <4 h) reflect the last stages of sample sta-
bilization, where the measured flow rate is related to pressurization,
rather than actual flow-through (recall that flow into, rather than out of
the sample was measured). Applying AP of up to 50 bar, the resulting
flow rates were transiently high, but then quickly fell and remained well
below 5 norm.ml/min during stable measurement intervals (Fig. 7c).
The corresponding stable equivalent permeability falls in the range of
1072 t0 107*° m? = 0.01 to 0.1 pD (Fig. 7d), effectively reaching the
lower measurement limit of the testing setup for samples of this length
and size. These values rival the sealing capacity that could theoretically
be expected from a 1.3 m-long section of perfectly-bonded, defect-free
cement, indicating the LCE process effectively restored zonal isolation.
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6.1.3. Effect on cement sheath structure

The impact of LCE-induced deformation on the physical properties of
the cement sheath was evaluated by visual inspection and microstruc-
tural analysis of samples obtained from the cemented casing sections
used in the sealing performance studies and other LCE tool performance
tests. In the following, our general observations and main findings will
be described on the basis of some illustrative examples from various
experiments (Fig. 8).

Fig. 8a shows a window that was cut into a cemented annulus
configuration, containing dents which were imposed using a prototype
Local Expander tool. Although the window provides only restricted ac-
cess to the internal structure of the sample, note this method helped
preserve the mechanical integrity of the nested casings, allowing the
cement sheath to be studied under (partial) residual stress-strain con-
ditions that are more representative for downhole situations. The win-
dow exposed the inside of the inner casing, with two rings of rectangular
toothmarks delineating the dent positions. The window also provided a
radial section through the casing-cement-casing assembly. No fractures
could be discerned in the cement sheath and the casing-cement in-
terfaces appeared tight. The white patches that can be seen on the
cement in Fig. 8a are mineral efflorescence, related to drying of the
cement after cutting the window. Fig. 8b shows the pieces of cement and
casing that were cut away in order to create the window. The cement
retained its cohesion and could be retrieved in more or less one piece.
Fig. 8c—d show XRCT images of the cut away cement sample, where a
zone of increased X-ray attenuation (marked by lighter shades of grey)
could be observed around the dent location in both radial and tangential
views, indicating the density locally increased. During optical micro-
scopy investigations, however, the microstructure of this densified,
compacted zone did not show clear differences compared to the non-
compacted cement (Fig. 8e-f). Fig. 8g shows a longitudinal cut
through the casing-cement-casing assembly of another sample, where
dents were created using a 7”-model Local Expander tool. Sealing
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Fig. 7. Permeametry results of Energetic Expander tool test on cemented casing section, with a) initial flow through test results, showing flow rate and applied
pressure difference with time, b) same date plotted in terms of the initial equivalent permeability of the cemented annulus, c) flow through test results after dent was

created, d) equivalent permeability after dent was created.
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Fig. 8. Overview of microstructural observations, with a) photograph of window cut into casing bearing two dents created with a Local Expander tool, b) cement and
casing elements recovered during creation of window, ¢) XRCT images of cement recovered from window, d) reflected light microscopy images of non-compacted and
compacted cement, g) photograph of radial section through another Local Expander sample, h-j) show photographs of the sample used in the sealing performance test
of the Energetic Expander tool (Sections 4.1.2 and 6.1.2).

performance testing of this cemented sample showed a reduction in the cement sheath displayed multiple sets of shear bands, apparently
equivalent permeability down to cement matrix permeability values. emanating from dent locations. They were most clearly visible, as
Note Fig. 8g depicts a sample that was sectioned along its entire length, slightly darker lines, when the cut face of the cement started to dry out
not a window into an otherwise intact cemented casing section. The upon exposure to lab humidity. Possibly, these structures were more
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apparent in this sample due to dilatation, which would have occurred as
the confining stresses provided by the casings were released upon
sample cutting. In any case, these shear bands seem to have accommo-
dated deformation in the cement without significant loss of cohesion.

Fig. 8h—j shows photographs of the cemented casing sample used for
the sealing performance test of the Energetic Expander tool, described in
Sections 4.1.2 and 6.1.2. The photographs show how the sample is being
taken apart after experiment completion. Fig. 8h depicts the outer sur-
face of the cement sheath, after careful removal of the upper half of the
outer casing. No fractures were observed upon visual inspection, but the
outer surface of the cement sheath was clearly deformed, closely
following the dented shape of the removed outer casing. When an
attempt was made to remove the cement sheath from the inner casing
pipe, this proved difficult to achieve around the dent location, especially
compared to other parts of the cemented sample. Regrettably, our
attempt to remove the cement sheath caused it to break before it came
loose from the inner pipe (Fig. 8i). Fig. 8j shows a longitudinal cross-
section through the opposite half of the sample. Upon visual inspec-
tion, the cemented annulus appeared to be free of fractures and have
tight interfaces.

6.2. Casing integrity studies

6.2.1. Finite element modelling of the casing indentation process

The denting of casing pipe using a Local Expander tool is a complex
deformation process, which will here be illustrated for the case of a
perfectly cylindrical pipe, where cyclic symmetry (due to finger
arrangement) conditions have been utilised. Fig. 9 shows two stages
during the deformation process in a longitudinal section through the
pipe and an expander finger. The main straining of the pipe occurred in
the hoop (circumferential) direction and was associated with the
imposed radial displacements. The hoop straining was largest at the
crest of the dent. As the finger was forced outward more, a larger portion
of the casing adopted the curvature of the finger crest through bending
effects. Bending effects, with opposite sign of the curvature, also
occurred in the transition zone between the pipe and the dent. Here, the
pipe was not supported by the finger and material got displaced by
transfer or internal tension, shear and bending loads.

Fig. 10 shows a section through the crest of the expander finger
during various stages of the expansion process (still under cyclic sym-
metry conditions). As radial displacement of the fingers increased, gaps
opened-up between the neighboring fingers, causing an increasing
portion of the pipe inner circumference to lose contact with the fingers.
Consequently, the degree of plastic staining became non-uniform
around the pipe circumference. The degree of wall thinning became
somewhat less at the unsupported sections. A zone of increased plastic
straining in the pipe occurred along the edge of the fingers. This zone is
associated with plastic relief of (contact) stress-concentrations.

Fig. 11 shows the final distributions of equivalent plastic strain and
the residual von-Mises stress after the Local Expander tool has been
retracted. In this simulation, an L80 casing pipe (9-5/8” OD, 47 1b/ft =

Journal of Petroleum Science and Engineering 197 (2021) 108103

24.45 cm OD, 69.94 kg/m) with initial ovality and wall thickness im-
perfections incorporated, was dented to 12.7 mm radial displacement. In
addition to the expander finger induced cyclic variations, the overall
strain level increases from bottom to top. This is attributed to the applied
non-uniform wall thickness in the initial pipe geometry, which further
developed during the expansion process. Apart from some ‘finger
induced hot-spots’ the highest overall residual stresses occur in the
transition zone from the nominally straight pipe to the dent.

6.2.2. Finite element modelling of casing collapse failure

The collapse strength of pipes refers to the load bearing capacity of
the pipes under predominant external pressure loading conditions. It is
governed by the stability of the nominally-round pipe shape. Fig. 12
shows the calculated responses of L80 casing pipes (9-5/8” OD, 47 1b/ft
= 24.45 cm OD, 69.94 kg/m) to collapse loading, plotting pipe ovality
versus applied external pressure, for undented pipe as well as dented
pipes with 12.7 and 19.1 mm applied radial displacement. Response
curves for dented pipes are given for both the main pipe body (repre-
sented by a position half-way between the dent and pipe end) and for the
crest of the dent. Note the denting process reduced the initial pipe
ovality locally around the dent. Moreover, upon collapse loading,
ovality in the pipe body developed at a slower pace with pressure in the
dented pipes, compared to the undented reference pipe. Further note
that the ultimate pressure bearing capacity also increased when dents
were applied (Fig. 12). Qualitatively the same effects were observed for
the thinner and thicker pipe cases considered in the simulations. Given
these results, the dents seem to serve effectively as local stiffener against
collapse failure. Note, however, that this will practically no longer be
effective for larger pipe lengths. The conclusion from these analyses is
therefore that collapse strength of dented pipes remains to be governed
by the pipe body, with dents possibly acting as local stiffeners.

6.2.3. Finite element modelling of casing burst failure

The burst strength of a pipe refers to its load bearing capacity under
predominant internal pressure conditions. One of the design objectives
is to prevent release of fluids contained inside the pipe to the environ-
ment. This involves the occurrence of yielding, plasticity and finally
fracture of the pipe. Fig. 13 shows a capped-end example of the calcu-
lated changes in average diameter and minimum wall thickness that
occur during internal pressure loading. The results shown are for a L80
casing (9-5/8” OD, 47 1b/ft = 24.45 cm OD, 69.94 kg/m) that has been
dented to 19.1 mm radial expansion. Response curves are given for the
pipe body, at a position halfway between the dent and the pipe end, and
for the crest of the dent (note the latter curves exclude dimensional
changes incurred during the denting itself). The response of an undented
reference pipe is also shown. The diameter and wall thickness responses
for the body of the dented and undented pipe were practically the same.
The outer diameter increased (‘ballooned’) and wall thickness decreased
under the applied internal pressure. The responses for the pipe body
were linear up to the yield initiation pressure (here 618 bar, Fig. 13),
where yielding initiated at the inside of the pipe body. In conventional
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Fig. 9. Pipe deformation at various stages of the expansion process (longitudinal section, equivalent plastic strain as field variable), where in a) and b) the expander

finger has been extended by 40% and 60% of its maximum, respectively.
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Fig. 10. Pipe deformation at various stages of the expansion process (transverse section, equivalent plastic strain as field variable), where a) shows the undeformed
case, and b-d) progressively more extension, up to 80% of the tool maximum.

Fig. 11. Non-uniform plastic strains (a) and residual von-Mises stresses (b) due to initial wall thickness variations of the pipe and due to the finger configuration of

the Local Expander tool. The simulation shown involves a L80 (9-5/8"” OD, 47 1b/ft = 24.45 cm OD, 69.94 kg/m) pipe that has been dented by up to 12.7 mm of radial
displacement.
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Fig. 12. Evolution of the ovality at the pipe body and at the crest of the dent versus the applied external pressure for an L80 casing pipe (9-5/8" OD, 47 1b/ft = 24.45 cm
OD, 69.94 kg/m) and for different degrees of applied denting. The pipe has initial imperfections of 0.5% ovality and 10% local wall thickness reduction.
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Fig. 13. Typical response of the changes of the average outer diameter (denoted Avg OD) and the minimum wall thickness (denoted Min T) versus internal pressure.

The response curves are given for the pipe body and dent crest locations.

casing design practice, this pressure level or loading condition is used as
the design limit. This internal pressure level can also be accurately
predicted using industry accepted triaxial design equations (e.g. API TR
5C3, ISO 10400), when the minimum wall thickness of the pipe is
accounted for. These conventional design equations assume the pipes
have negligible residual stresses from the manufacturing process. It
should be noted, however, that the pipe has significant capability to take
additional loads beyond this initial yielding (Fig. 13). While the general
design philosophy is to not exceed the yield limits, it is useful to discuss
the post-yielding responses observed, as this provides insight in the
actual safety margins with respect to events of (catastrophic) pipe failure
and consequently losing the ability to contain pressure and fluids. It is of
key importance to know whether these limits have been affected by the
LCE-process.

After exceeding the yield limit, deformation of the casing became
elastoplastic. With increasing internal pressure, the plastic zone, initi-
ated at the inner surface of the pipe wall, grew at the expense of the zone
in the pipe wall that still deformed elastically. However, (hoop) strains
at the pipe outside remained elastic and thus small. Consequently, radial
displacements, wall thickness reductions and pipe diameter enlarge-
ments also remained relatively small during this phase. Once plasticity
occurred over the entire wall thickness (here 700 bar, Fig. 13),
increasing rates of plastic ballooning and wall thinning occurred in the
pipe body. Initially, strain-hardening of the material required progres-
sively higher pressures for plastic deformation to continue. This effect
levelled out, however, due to the opposing effects of material strain-
hardening and continued wall thickness reduction. The ultimate pres-
sure bearing capacity was reached at 778 and 796 bar for the dented and
undented pipe, respectively (Fig. 13), as the weakening effect of pipe
wall thickness reduction becomes dominant over strain-hardening ef-
fects. At this point, a necking zone occurred along the longitudinal di-
rection, with accelerated plastic straining and stress-triaxiality
development, with fracture being imminent.

As discussed in Section 6.2.1, the LCE denting process created large
residual stresses in the pipe around the transition zone between the dent
and the pipe body (Fig. 13). During burst loading, the presence of these
residual stresses caused plasticity to re-initiate already at relatively low
levels of applied internal pressure. These plasticity effects do not
constitute a significant reduction of the load bearing capacity of the pipe
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as a whole, as the residual stress state is self-contained, i.e. does not have
some net-resultant force. Therefore, these plasticity effects only consti-
tute a plastic relief of the residual stresses.

Fig. 13 also shows that through-wall plasticity initiated at a lower
pressure around the dent compared to the main pipe body. This weak-
ening was related to an already reduced local wall thickness (note the
material also already had undergone strain-hardening) and a different
loading situation (e.g. also tension and bending effects). Therefore, on
the one hand, the dent can be considered as a local weak spot. On the
other hand, the body and dent responses (for a dented pipe case) both
tended to the same limit pressure of 778 bar (Fig. 13). Hence, at a certain
stage, local wall thinning around the dent can only develop further, or
become unstable, if through-wall plasticity is also occurring in the
overall pipe body. These results can be explained by considering the
axial extent of the thickness reductions at the (crestal) position of the
dents. Notably, the (tangential) displacement field should also be
continuous in the axial direction of the pipe. Large gradients therein
would involve large tangential and axial shear strains and associated
stresses in the transition zone between the dent and main pipe body.
This is energetically unfavourable and, therefore, the pipe body material
adjacent to the dent effectively gives support to resist localized neck
development at the dented zone. Still, the adjacent pipe body material
does not act as a complete arrestor of necking at the dent. The dented
zone remains to act as weakening, but the effect on the ultimate pressure
bearing capacity (by induction of unstable necking) is very limited.

Qualitatively the same results were obtained for the other cases
considered in this study involving thicker and thinner pipes and/or with
the expansion of only 12.7 mm. The reduction of the ultimate pressure
bearing capacity for the L80 casings considered in this study was within
10 and 30 bar when expanded to 12.1 mm and 19.1 mm radial
enlargement, respectively. Overall, these are relatively small effects.

6.2.4. Laboratory testing of casing burst load capacity

The impact of LCE on the burst strength of the casing was also
evaluated through physical pressure testing of dented and reference pipe
sections. For the K55 casings (Fig. 14a), the dented and reference casing
show very similar behaviour, with both pipes displaying more or less
linear increase in pressure up to about 480 bar, after which a period of
water injection at nearly constant pressure is observed. Upon continued
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Fig. 14. Burst load capacity results for a) K55 (7” OD, 23 Ib/ft) casings and b) T95 Type 1 (10-3/4” OD, 73.2 Ib/ft) casings, with data for dented casings in black and

reference (undented) casings in grey.

injection, the pressure gradually increases to 650 bar, the pressure limit
of the test equipment used, thus warranting termination of the experi-
ment prior to achieving burst. The dented and reference sections of T95
Type 1 casing likewise show essentially the same behaviour (Fig. 14b),
where the pressure-time curves start to deviate around 900 bar for both
pipes. Outer diameter measurements of the dented T95 Type 1 casing
before and after pressure testing show that plastic deformation occurred
mainly at positions P2 and P4, i.e. adjacent to the locally expanded in-
terval (Table 2). Pipe burst was not achieved due to equipment
limitations.

7. Field trial results and learnings
7.1. Local Expander tool field trials

7.1.1. Local Expander well 1 (WLE-1): November 2018

The first well selected for field trial of the Local Expander tool (WLE-1)
is a vertical well located in the Northwest Saturn region of the field. It
consists of 9-5/8” = 24.45 cm OD surface casing, landed at 440 mKB, and a
7” = 17.78 cm OD L80 grade production casing, landed at 2182 mKB.
Casing weight varies but was 23 1b/ft = 34.26 kg/m across the interval of
interest. The SCVF rate from this well varied seasonally, with a highest rate
reported in five years of monitoring at 505 L/day, while the flow rate
immediately prior to intervention was ~310 L/day (Fig. 15a).

Based on the integrated subsurface evaluation for WLE-1, three in-
tervals were selected for localized casing expansion, namely: 1) a shale
interval above the top porous package in the Notikewin Fm. (Fig. 5),
with a set of dents located ~509 mKB, 2) the Falher caprock, for the
potential source Bluesky Fm. (one set of dents at ~570 mKB and a
second set at ~607 mKB), and 3) a final set of dents inside surface casing
as a mitigation against shallow biogenic gas.

The intervention on WLE-1 was completed over a period of two days,
24-25 November 2018. Execution of the field trial was an operational
success, with no tool challenges or delays. During the intervention, the
flow rate increased slightly, which may have been a result of pressure
test cycles on the casing (Fig. 15a). The flow subsequently decreased

Table 2

Outer diameter measurements of dented T95 Type 1 casing before and after
burst load capacity testing. OD = outer diameter; *estimated on the basis of P1
and P5 measurements.

Position P1 P2 P3 P4 P5
(dent)
OD before burst 2749 + 274.6 + 309.3 + 274.6 + 274.3 £
testing [mm] 0.2 0.5 0.7 0.5* 0.5
OD after burst 2753 + 277.2 + 308.8 + 276.8 + 2752 +
testing [mm] 0.3 0.3 0.5 0.4 0.1
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from an average of 310 L/day to effectively zero in 12 days. Note this
downward trend did not begin until after the intervention had been
completed, in fact not until after final pressure testing of the wellbore (at
7 MPa for 10 min) on 25 November 2018. For this reason, it was not
possible to infer which set of dents contributed in what capacity to the
observed decrease. Note the flow rate showed characteristics of expo-
nential decay, suggesting the source had been isolated and the slow
decline represented gas column bleed-off (Fig. 15a).

On 13 December 2018, the vent flow meter was closed off to allow
build-up of pressure. According to Canadian regulations and standard
industry practice, the pressure is considered stabilised if it changes less
than 2 kPa/h over a 6-h period (Alberta Energy Regulator, 2003). The
stabilised pressure build-up before intervention was 715 kPa. The
pressure build-up on 13 December 2018 reached a stabilised value of
14 kPa in 24 h, and flowed briefly after opening the valve to flow mode
(Fig. 15a). The flow rate returned to zero within two days and the total
gas flow from the vent during this 48-h period was 11.3 L. This small
volume likely indicates that the trapped annular gas was not yet fully
bled off, even though the flow rate had been below the detection
threshold of the measuring device for five days. The monitoring system
was left running in open flow mode until 3 January 2019 and did not
register any additional flow (Fig. 15a). At the time of removal, a 10-min
bubble test was conducted with a result of no flow. Follow-up tests in the
Summers of 2019 and 2020 yielded the same result: no flow in 10 min.

7.1.2. Local Expander well 2 (WLE-2): May 2019

WLE-2 is a vertical well drilled and completed in 2007, located in the
south-central region of the Groundbirch field. It has 9-5/8” = 24.45 cm
OD surface casing landed at 467 mKB, which was cemented successfully
with returns to surface. An L80 production casing (7 OD, 23 lb/ft =
17.78 cm OD, 34.23 kg/m) was landed at 2818 mKB and also cemented
successfully with returns to surface. WLE-2 was completed in and pro-
duced from both the Montney and Doig Fms. The well did not have a
record of a surface casing vent flow until the time of abandonment, July
2016, when a bubble test yielded 40 bubbles in 10 min. The downhole
zonal abandonments of the two producing formations were completed
as planned, and a CBL was run to prepare for future SCVF remediation.
After the 2016 zonal abandonment, the SCVF of WLE-2 was monitored
annually, with a highest recorded flow rate of 880 L/day and highest
stabilised pressure build-up of 68 kPa.

The integrated subsurface evaluation for WLE-2 resulted in a com-
bination of multiple potential sources: 1) low-temperature, thermogenic
fracture gas from the Base of Fish Scales, 2) minor contribution from the
Paddy Fm. and 3) minor shallow biogenic methane gas. Additionally,
CBL analysis indicated inadequate cement quality to achieve hydraulic
isolation between the porous Notikewin and Fahler Fms. It was deter-
mined that cement coverage was sufficient to attempt to achieve
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time [date] data for a) WLE-1, b) WLE-2, and c¢) WLE-3. Vertical, black dashed lines denote the moment at which Local Expander remediation procedures

commenced. See main text for detailed descriptions.

hydraulic isolation using the Local Expander tool, rather than with a
traditional cement squeeze. Accordingly, sets of dents were planned 1)
across the interval between Notikewin and Falher Fms., to obtain hy-
draulic isolation between these formations, 2) near the bottom of the
Base of Fish Scales, for the Paddy Fm. source, 3) near the top of the Base
of Fish Scales, to address Base of Fish Scales fracture gas, and 4) inside
the surface casing, for the shallow biogenic gas contribution.
Intervention on WLE-2 was completed on 16 May 2019. The sets of
dents were placed using the Local Expander tool as planned, starting
with the deepest interval and progressively moving upward in the well,
to finish the last dents inside the surface casing. The vent was left in flow
mode for the duration of the intervention, continuously logging flow
rate (Fig. 15b). Once again it is not possible to infer which set of dents
contributed in what capacity to the vent flow reduction, as the decline in
flow began ~2.5 h after all dents had been placed. The main decline in
flow rate appears to correlate with the start of a swabbing operation on
the well, and the flow decelerates rapidly after swabbing, when the well
was re-filled and pressure-tested to 7 MPa for 10 min. Overall, the flow
rate went from an average of 530 L/day immediately prior to inter-
vention to effectively zero flow in 20 days (Fig. 15b). The monitoring
system was removed on 9 June 2019 and a regulatory bubble test was
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conducted, yielding zero bubbles.

7.1.3. Local Expander well 3 (WLE-3): May 2019

WLE-3 is a vertical well, drilled in the south Brassey region of the
field in 2005 and completed in the Cadomin, Halfway and Doig Fms.,
with the objective of evaluating those zones for future development. It
has 9-5/8” = 24.45 mm OD surface casing, landed at 464 mKB, which
was cemented successfully with returns to surface. An L80 production
casing (7” OD, 26 lb/ft = 17.78 cm OD, 38.69 kg/m) was landed at 2923
mKB and also cemented successfully with returns to surface. Prior to
hydraulic fracturing, a 10-min regulatory bubble test was conducted and
it was reported that the well did not have SCVF. After fracturing and
flow testing the two shallower formations (Cadomin and Halfway Fms.),
cement squeezes were performed into both intervals. Afterwards, the
deeper Doig Fm. was hydraulically fractured, flow tested, and put on
production for a one-month period. The well was subsequently shut-in
long term and eventually suspended in 2011. The well did not have a
record of SCVF until the time of abandonment, in July 2016, when a 10-
min bubble test yielded too many bubbles to count. It was observed at
this time that the SCVF would die off when 7 MPa pressure was applied
to the wellbore and return when that pressure was bled off, indicating
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the presence of a micro-annulus between the casing and the cement,
which could be closed off by ballooning the casing. The downhole zonal
abandonments of the producing formation and two cemented intervals
were completed as planned, and a CBL was run to prepare for future
SCVF remediation. After the 2016 zonal abandonment, the SCVF was
monitored annually, with a highest recorded flow rate of 1157 L/day
and stabilised pressure build-up of 1063 kPa.

The source identification process for WLE-3 resulted in an inter-
preted SCVF source mixture of ~80% Paddy Fm. gas and ~20% shallow
biogenic methane gas from the Dunvegan Fm., similar to well WLE-2.
CBL analysis indicated no additional remediation was required for hy-
draulic isolation between porous intervals. As such, dents were placed 1)
near the bottom of the Base of Fish Scales for the Paddy Fm. source, 2) at
the bottom of the Kaskapau Shale and 3) inside the surface casing, for
shallow biogenic gas contributions from the Dunvegan Fm. All selected
intervals had a measurable improvement in cement bond index on a
7 MPa pressure pass CBL over a 0 MPa pass CBL, suggesting micro-
annulus development.

The intervention on WLE-3 was completed on 21 May 2019. All dents
were placed as planned, starting with the deepest interval and moving
upward to finish inside the surface casing. The flow rate immediately prior
to the intervention averaged 1100 L/day, with significant fluctuations that
apparently correlate with daily temperature changes (Fig. 15c). Given
these fluctuations in flow rate before and during the intervention, it is not
possible to ascertain how each set of dents contributed to SCVF reduction.
After the intervention, the flow rate declined quickly and increasingly long
times between surges of flow could be observed. After the first five days of
rapid decline in flow rate, the flow rate started fluctuating between
~165 L/day and 0 L/day, with a flow surge every 3-4 days. Over time it
became evident that the amount of time in between surges was increasing,
indicating that the annulus was possibly liquid loaded and additional time
would be required for a full bleed-off of entrapped gas. Over the last 10
days of monitoring, the vent flow rate averaged 20 L/day (Fig. 15¢). After
an extended monitoring period, the monitoring system was removed on
4 July 2019. At this time, a regulatory bubble test was conducted, and
although zero bubbles were observed, it is clear that the flow was inter-
mittent, rendering a 10-min test inconclusive.

7.2. Energetic expander tool field trials

7.2.1. Energetic expander well 1 (WEE-1): June 2019

The first field trial of the Energetic Expander tool was performed in
WEE-1, a vertical well drilled and completed in 2000 in the north west
Saturn region of the field. The well consists of a 8-5/8” = 21.91 cm OD
surface casing, landed at 457 mKB, and a IK-70 grade production casing
(5-1/2” OD, 17 Ib/ft = 13.97 ¢cm OD, 25.3 kg/m), landed at 2746 mKB,
both cemented successfully with returns to surface. WEE-1 was
completed in the Montney, Gething, Halfway and Bluesky Fms. The
three shallower perforations were cemented in 2001. SCVF was first
recorded in 2006. The deeper Montney Fm. was hydraulically fractured,
and the well continued to produce from the Montney Fm. with a packer
completion until suspension in 2013. At the time of suspension, a reg-
ulatory bubble test indicated too many bubbles to count. Well aban-
donment was initiated in May 2019, with a plug and cement zonal
abandonment of the Montney Fm. (Fig. 5), followed by 0 MPa and 7 MPa
pressure pass radial cement bond logging. At the time of suspension, this
well became part of an annual field-wide SCVF monitoring program.
Between 2013 and 2018, the highest recorded flow rate and stabilised
pressure build-up were 4968 L/day and 3167 kPa.

The integrated subsurface evaluation for WEE-1 indicated probable
gas sources in the Paddy-Cadotte and Bluesky Fms. Unlike other wells in
the region, geochemical analysis did not indicate a contribution from
shallow biogenic gas. CBL analysis indicated no additional remediation
was required for hydraulic isolation between porous intervals. For the
deeper potential source Bluesky sandstone, a target dent interval was
selected near the bottom of the Wilrich shale, which serves as a caprock
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for the Bluesky Fm. Cement quality in the region of interest was
consistent with no evidence of micro-annuli. As such, the dent interval
was chosen 2 m above the Wilrich-Bluesky contact, in order to stop the
gas flow as close to the source as possible. For the potential source
Paddy-Cadotte Fms., the intervention depth was chosen near the bottom
of the Base of Fish Scales shale which caps the Paddy Fm. An additional
set of dents was selected near the bottom of surface casing, as a final
isolation.

The intervention in well WEE-1 was executed as planned on 25-27
June 2019. The flow rate immediately prior to the intervention averaged
6315 L/day, with daily fluctuations with temperature change between
6000 and 6600 L/day, which was notably higher than any flow rate
previously recorded for this well (Fig. 16a). Because the intervention
was completed over a period of three days, WEE-1 was the first LCE field
trial where it was possible to assess the flow-reduction impact of each
individual dent interval. Fig. 16b shows flow rate recorded during the
intervention and immediately after, including timestamps for each dent
placed. From the real-time flow data, it appears the set of dents created
in the Wilrich Fm. did not have any immediate impact on the SCVF rate.
A declining flow rate trend was observed after a set of dents was placed
in the Base of Fish Scales to address the Paddy-Cadotte Fm. potential
source. However, this initial decline appears to have started levelling out
before placement of the surface casing dents. Flow rate reduced notably
after placement of dents inside the surface casing. These observations
suggest the Bluesky Fm. was not significantly contributing to the SCVF.
With the Paddy-Cadotte Fm. as likely source of SCVF gas, either the
dents inside the surface casing trapped the Paddy-Cadotte Fm. sourced
gas, preventing further bleed-off, or a shallow zone above the Paddy Fm.
was serving as storage zone. Given this result, and the perceived risks of
trapping source formation gas at the surface casing shoe and masking
possible cross-flow between formations, a decision criterion was devel-
oped for subsequent LCE interventions, in which formation pressure and
gas gradients for all intervention depths in a wellbore would be evalu-
ated against fracture gradient of each shallower intervention formation,
including the surface casing shoe, prior to determining if additional time
would be required between dent intervals.

From 28 June to 4 July 2019, data was not recorded due to heavy
rains causing flooding on the wellsite. When data collection was restored
on 4 July, the flow rate was fluctuating, initially between 2 and 78 L/day
with daily temperature variations, and less frequently over time. The
average flow rate over the last ten days measured 24 L/day. When the
vent flow monitoring device was removed on 28 July, zero bubbles were
observed in the 10-min regulatory test. A follow-up bubble test was
conducted on 6 October, again with zero bubbles. However, similar to
WLE-3, this cannot be considered conclusive, given the fluctuating na-
ture of SCVF on this well.

7.2.2. Energetic expander well 2 (WEE-2): November 2019

WEE-2 is a vertical legacy well in the northeast Sunset region, drilled
in 2005 and originally completed in the Doig Fm., then later re-
completed in the deeper Montney Fm. Both the surface casing
(8-5/8” = 21.91 mm OD, landed at 404 mKB) and the L80 production
casing (5-1/2” OD, 17 lb/ft = 13.97 cm OD, 25.3 kg/m; landed at
2535 mKB) were cemented successfully with full returns reported.
Several bubble tests were conducted throughout the well’s life, indi-
cating no SCVF. In 2016 the well was zonally abandoned and at this time
a failed bubble test was reported. Follow-up inspections indicated var-
iable flow from the surface casing vent. From 2016 to 2018, the highest
flow rate recorded was 297 L/day, with a largest stabilised build-up
pressure of 209 kPa.

The source identification process indicated the gas was of low ther-
mal maturity, originating from the Base of Fish Scales and Shaftsbury
Fm., with ~10% biogenic gas from the Dunvegan Fm. just below the
surface casing shoe. While the Base of Fish Scales is generally considered
a caprock in the region and does not have evidence of reservoir devel-
opment or porosity, in this particular well gas is present on the log
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Fig. 16. Surface casing vent flow monitoring data obtained prior to, during and after interventions using the Energetic Expander tool. Flow rate [m® day '] versus
time [date] data for a) WEE-1, b) detail of WEE-1, showing the timing of individual dents, ¢c) WEE-2, d) detail of WEE-2, showing the timing of EE-MS deployment
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indicated. Vertical, black dashed lines denote the moment at which Energetic Expander intervention procedures commenced. See main text for detailed descriptions.
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analysis and the SCVF sample was a match for the formation’s isotope
fingerprint, which suggests probable fracture gas. Accordingly, dent
intervals were targeted in the bottom of the Shaftsbury shale Fm. above
the Base of Fish Scales, and just inside the surface casing to address the
shallow biogenic gas contribution. Both intervals were selected in re-
gions with overall good cement coverage and evidence for a near-casing
micro-annulus. Building on learnings from the WEE-1 field trial, the
pressure gradient of each contributing source formation was evaluated
against the fracture gradient at the shallowest intervention depth near
the surface casing shoe. It was determined that, due to the shallow in-
terventions in close proximity to each other, with no porous formations
between them, there was no incremental risk to isolating the shallower
source before waiting for confirmation of success from the first (deeper)
intervention.

The intervention on WEE-2 was completed on 20-21 November
2019. The first set of dents (bottom of the Shaftsbury Fm.) was applied
using the EE-MS tool. After the first set, the tool string was run down past
the dents, to confirm whether the dents were placed successfully by
observing the casing collar locator. However, the tool string could not be
run in hole past a point 1.4 m below the lowest dent. Investigation
showed this was due to debris from the Energetic Expander tool,
including a solid steel extension, specific for the EE-MS design. The
blockage was resolved using a magnet. Because of this observation, the
upper set of dents was placed using the EE-SS tool. Based on these
learnings, the EE-MS tool design was later modified.

The vent flow rate before the intervention fluctuated significantly,
with an average over the eight days immediately leading up to the
intervention of 90 L/day (Fig. 16¢). Similar to WEE-1, the increased time
between the placement of consecutive sets of dents, needed to change
out tools, made it possible to identify the flow-reduction impact of each
dented interval (Fig. 16d). Based hereon, it appears that the set of dents
deployed using the EE-MS in the base of the Shaftsbury Fm. initiated the
downward trend in flow rate. It is not clear whether the three dents
inside the surface casing had an additional effect on the flow rate
decline, as the large fluctuations may mask smaller changes. Notably,
when pressure was applied to the casing during a 10-min 7 MPa pressure
test and subsequent CBL pressure pass, it was clear that the ballooning
effect on the casing caused a flow restriction, followed by a flow surge
when pressure was bled off. The flow rate continued to decline over a
period of 50 days, at which point the flow registered zero. From 11 to 20
January 2020, the monitoring system recorded no flow, likely attribut-
able to colder ambient temperatures during that period. Flow was
measured again on 21 January and the bleed-off trend resumed. For the
last ten days of recording, flow rate averaged 11 L/day with fluctuations
that generally appeared to correlate with daily temperature fluctuations.
When the vent flow monitoring device was removed on 22 February
2020 a 10-min regulatory bubble test was performed, with zero bubbles
observed. Due to the fluctuating nature of the flow, this result will not be
considered conclusive.

7.2.3. Energetic expander well 3 (WEE-3): November 2019

WEE-3 is a vertical legacy well located in the southern Sundown area of
the field, drilled and completed in the Doig Fm. in 2004. It has 244.5 mm
surface casing, landed at 499 mKB and cemented successfully with returns
to surface, and 177.8 mm 38.68 kg/m L80 intermediate casing, landed at
3105 mKB. A 114.3 mm production liner was also installed, with the liner
top at 2946 mKB (i.e. below the area of interest for this SCVF remediation).
Unlike the other test wells, the intermediate casing did not have cement
returns to surface. Upon completion in 2004, a pre-frac bubble test was
performed with zero flow recorded. WEE-3 produced from the Doig Fm.
with a packer completion until 2011. Zonal abandonment of the Doig Fm.
was completed in 2016. Prior to abandonment, a 10-min bubble test again
indicated no SCVF. During the abandonment operation, flow (including
methane gas and drilling mud) was observed from the surface casing vent
when 3.5 MPa pressure was applied to the casing. Diagnostic work
concluded the casing was breached between ~700 and 900 mKB, with
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communication from the breach to surface through the vent assembly. Top
of annular cement was observed on a radial CBL at 1220 mKB. The breach
and other potential casing corrosion issues across the uncemented interval
were remediated by pumping 1900 kg/m® Portland Class G cement using a
retainer. Circulation was achieved with good cement returns and the top of
cement inside casing was left at 675 mKB. A post-cementing bubble test
indicated no flow. A follow-up bubble-test the next summer failed, indi-
cating the well had developed SCVF after the remedial cement job. This
type of failure has been observed frequently in remedial cementing op-
erations, and is likely due to the lack of a proper annular cement base,
allowing the cement to slump, or poor mud removal. In two years of
monitoring, the highest flow rate recorded was 1351 L/day, and the
highest stabilised build-up pressure was 2922 kPa.

A radial CBL of the remedial cement job was collected in 2019, in
preparation for SCVF remediation. Geochemical analysis indicated
shallow gas, but was unable to relate it to a specific formation. The only
shallow formation in the wellbore with both porosity and possible gas
signature from log analysis was the Dunvegan Fm. This information, in
combination with the CBL analysis and the well history, resulted in a
qualitative decision to place the first set of dents in the shallower Kas-
kapau Shale, at a depth with the best combination of competent non-
porous rock and high cement bond index in CBL logs. A second set of
dents was planned just inside the surface casing shoe, for final isolation
and as a mitigation against the uncertainty associated with the incon-
clusive geochemical analysis. In addition to the two sets of dents for
isolation, two extra intervals were selected to evaluate the ability of the
Energetic Expander tool to achieve an improvement in the bond index of
initially bad quality cement, and thereby begin to establish the opera-
tional boundary conditions for the tool. A set was planned at 625 mKB,
where both pressure and non-pressure pass indicated a bond index of
~0.5 (poor bond, no micro-annulus), and at 575 mKB where 0 MPa pass
indicated bond index of about 0.6, and pressure pass indicated a slight
improvement to about 0.75 (poor bond, micro-annulus). Because all
selected dent depths were shallow, in close proximity, and normally
pressured with no additional porous intervals between them, there was
no perceived incremental risk to completing all interventions in one visit
without additional monitoring and verification in between.

The trial on WEE-3 was completed on 22-23 November 2019. Three
dents were placed for Interval 1 (645.5-646.5 mKB, in Kaskapau Fm., for
the Dunvegan source) between 12:30 h and 17:45 h on 22 November.
The following day, between 09:00 h and 11:00 h, three dents were
placed for Interval 2 (489-491.5 mKB, inside surface casing, for final
isolation). The three dents for Interval 3 (574.5-575.8 mKB, Cardium
Fm., extra dents for research) were placed between 12:30 h and 14:30 h.
For Interval 4 (624.5-625.5 mKB, Kaskapau Fm., extra dents for
research), two dents were placed between 15:15 h and 16:30 h on
23 November 2019. The third dent was not placed for this last interval,
due to an earlier misrun.

Because the vent flow monitoring device could be installed only 27 h
before the first dent was placed, it is not possible to establish a trend in
the initial flow data (Fig. 16e). The average flow rate for this time period
was 1310 L/day. Data was not collected between 22 November, 11:38 h,
and 23 November, 16:48 h, due to an operator error. As such it is not
possible to determine the sealing contributions from individual dent
intervals. When the vent flow monitoring device was turned on after the
final dent, the flow rate had started to decline rapidly. On 24 November,
10:30 h, flow rate had reduced to 670 L/day. Subsequently, a casing
calliper log and CBL were performed across the dented intervals. While
preparing to perform the CBL pressure pass, a 7 MPa pressure test failed
with rapid bleed off, indicating a casing breach had occurred. These
logging results and observations will be discussed further below. The
pressure test is visible in the flow rate data as a small fluctuation
(Fig. 16e), but clearly did not interrupt the overall decline. Flow rate
continued to decrease exponentially, effectively reaching zero on
4 December 2019, eleven days after the intervention was completed.
The monitoring device remained installed for eight days, during which
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no flow was measured. After it was removed on 12 December 2019, a
regulatory bubble test was performed, also indicating zero flow.

7.3. Cement bond log (CBL) and calliper data

For comparison, “pre-dent” cement bond log (CBL) data, obtained
sometime prior to the field trials, were available for all six test wells
(Table 3). These data included CBLs obtained while the well was pres-
surised (7 MPa) and non-pressurised (0 MPa). To maximise the learnings
from the field trials, post-intervention CBLs and calliper logs were ob-
tained for the dented intervals of wells WEE-2 and WEE-3. In the
following, we first present and compare the pre- and post-dent CBL and
post-dent internal casing calliper data for these two wells, after which
the pre-dent CBL data of all trial wells will be analyzed in an attempt to
delineate tool efficiency in SCVF remediation. Although the interpreta-
tion of bond indices from CBLs in post-dent analyses suffers from the
expanded and deformed casing shape, this uncertainty is not thought to
greatly impact the interpretation of the improved bond index due to
densified cement in the casing-formation annulus. Previous works and
studies quantifying the change in bond tool amplitude responses suggest
such effects could be present (Anderson and Walker, 1961; Fulton, 1979;
Pardue and Morris, 1963), but it is expected that the uncertainty
introduced into evaluating bond indices for WEE-2 and WEE-3 is minor.

7.3.1. WEE-2 pre- and post-dent CBL comparison

Fig. 17 shows the “pre-dent” CBL of the dent interval located inside the
surface casing (Interval 2, 393-396 m), obtained prior to the field trial,
plotted together with the “post-dent” CBL, 40-arm calliper and tempera-
ture logs that were recorded ~12 h after denting. The bond index
improvement post-denting is evident under both non-pressure and pres-
sure logging conditions for this upper dent interval. Inside the surface
casing, the three dents were created separately, in order bottom-top-

Table 3
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middle, with tool centralization performed independently for each dent
placed. Calliper measurements (Fig. 17b) show localized and radially
uniform casing deformation (13-20% ID increase), suggesting good tool
centralization. Similarly, the pre- and post-dent CBL of the lower dented
interval in the Shaftsbury Shale Fm. (Interval 1, 480-481 m) show an
improved bond index at both 0 and 7 MPa pressure (Fig. 18a). Note these
dents were created using the EE-MS tool, with effective centralization only
occurring above the tool assembly. While the casing deformation is still
well localized, the non-uniform deformation suggests poorer centraliza-
tion of the middle and bottom explosive charges. The increase in casing ID
ranges 13-18%, 13-26%, and 13-31% for the top, middle, and bottom
dents respectively (Fig. 18b). These calliper data demonstrated tool
centralization is negatively impacted further away from the tool string
centralizer when deploying a 18.9 kg EE-MS assembly, whereas a single
shot only weights 4.9 kg.

7.3.2. WEE-3 pre- and post-dent CBL comparison

Figs. 19-22 show pre- and post-dent CBL, 40-arm calliper, and
temperature logs that were recorded ~20 h after denting with the en-
ergetic expander for the four dented intervals along WEE-3. Note these
intervals include (Section 7.2.3):

e Interval 1: 645.5-646.5 mKB, in the Kaskapau Fm., for the Dunvegan
source

e Interval 2: 489.0-491.5 mKB, inside the surface casing for final
isolation

o Interval 3: 574.5-575.8 mKB, in the Cardium Fm. (extra dents for
research purposes)

o Interval 4: 624.5-625.5 mKB, in the Kaskapau Fm. (extra dents for
research purposes)

Due to a breach in the casing, a post-dent pressure pass CBL was not

Overview of field trial data. B = bottom, M = middle, T = top. *dents created simultaneously using EE-MS tool, **post-intervention vent flow occurred in progressively

infrequent pulses. DVGN denotes Dunvegan well, Alberta Canada.

well ID interval # depth dent sequence dent spacing pre-dent CBL bond index post-dent CBL bond index
0 MPa 7 MPa 0 MPa 7 MPa
[mKB] [cm] [-] [-] [-] [-]
WLE-1 1 508-509 B-T-M ~30 0.16 0.76
2 569-570 B-T-M ~30 0.23 0.82
3 606-607 B-T-M ~30 0.35 0.88
4 371-372 B-T-M ~30 0.04 0.49
5 364-365.5 B-T-M ~30 0.04 0.46
WLE-2 1 1048-1049 B-T-M ~30 0.10 0.42
2 1045-1046 B-T-M ~30 0.06 0.34
3 1040-1041 B-T-M ~30 0.09 0.37
4 1034-1035 B-T-M ~30 0.13 0.38
5 838-839 B-T-M ~30 0.84 0.94
6 623-624 B-T-M ~30 0.32 0.98
7 200-201 B-T-M ~30 0.07 1.00
8 190-191 B-T-M ~30 0.14 0.55
WLE-3 1 1272-1273 B-T-M ~30 0.90 1.00
2 1265-1266 B-T-M ~30 0.88 1.00
3 552-553 B-T-M ~30 0.65 0.94
4 540-541 B-T-M ~30 0.72 1.00
5 456-457 B-T-M ~30 0.50 1.00
6 445-446 B-T-M ~30 0.47 1.00
WEE-1 1 1244-1245 B-T-M ~50 0.77 0.92
2 797-798 B-T-M ~50 0.94 0.99
3 432-433 B-T-M ~50 0.10 0.63
WEE-2 1* 480-481 3x1MS ~30 0.05 1.00 0.68 1.00
2 395-396 B-T-M ~50 0.27 1.00 0.84 1.00
WEE-3 1 645-647 B-T-M ~50 0.96 1.00 1.00
2 491-492 B-T-M ~50 0.97 1.00 1.00
3 575-576 M-T-B ~50 0.28 0.40 0.43
4 625-626 B-T ~50 0.20 0.40 0.20
DVGN 1 535-538 ~100 1.00 1.00 1.00 1.00
2 359-363 ~100 0.60 0.90 1.00 1.00
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Kelly Bushing [m], 2: Gamma ray measurement from open hole logs, 3: Interval and formation identifier, 4/5: Pre-dent and post-dent CBL measurements respectively.
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(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

AR MIN 7HPa [P MIN 7HPS
a)
_ bee TT TP B _—
3 pre Bl OMPa Post m 7MDz AM
Mo z TR ‘ o oy
(m) ) Pre Bl 7MPa Po st B ‘Mpa mAMFTFR DIAM M Pn t D»FF TEMP
1:20 [ AP 1501 2 0 1 T20 mm 103 |-0.
480
tas1
>
H
b Top Dent Middle Dent Bottom Dent
e
Diameters (mm
Max = 1453 Dicmeters (mm] Dicmeters (mm|
Avg= 1428 Max = 154.3 Max = 161.9
Min = 140.2 Avg = 146.4 Avg=146.3
CasingID = 125 Min = 1410 Min = 138.7
Casing ID = 125 Casing ID = 125

Fig. 18. WEE-2 Interval 1, with a) Log panel layout of pre- and post-dent cement bond long and post-dent calliper logs. Track layout identical to Fig. 17 b) cross-
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achievable. All intervals showed an improved bond index on the 0 MPa Currently, this casing breach is thought to be a result of poor tool
post-dent CBL. Based on post-dent calliper logs, eccentric and irregular centralization and poor casing integrity, due to the late life remedial
casing deformation occurred (Figs. 19b-22b). Possible casing breaches cement job, in combination with too large a charge load (258 g) for
and splits (Fig. 23) were observed across multiple dented areas. controlled expansion in this casing type in this particular condition. In
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this respect, it should be noted that the 40-arm calliper run also showed
a casing breach at 577.7 m, i.e. about 2 m below the dents of Interval 3,
demonstrating that casing integrity was poor and a casing breach/
irregular expansions were probably unavoidable.

7.3.3. Pre-dent CBL data analysis for all test wells
Fig. 24 shows the pre- and post-intervention bond indices available

22

for WEE-2 and WEE-3, as well as data for a recent field trial of the En-
ergetic Expander tool in Alberta, Canada (well denoted DVGN, further
mentioned in Section 8.1). The data illustrate the range of pre-
intervention bond index conditions that were improved using LCE
technologies. As detailed in Section 7.2.2, WEE-2, Interval 2 was iden-
tified as being the dent successful in reducing SCVF. It can therefore be
inferred that the pre-dent bond conditions at WEE-2, Interval 2, were
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Fig. 24. Pre- and post-intervention bond indices for all LCE intervals in WEE-2,
WEE-3, and DVGN. Bars and dots illustrate pre- and post-intervention bond
index evaluations respectively. Data obtained under non-pressurised condi-
tions, denoted 0 MPa, are shown in green, data obtained while the well was
pressurised to 7 MPa are shown in blue. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

improved during the LCE process in such a way as to provide hydraulic
isolation. Indeed, the interval is characterised by greatly improved bond
indices and a reduced micro-annulus in the post-dent bond analysis.

Dent Interval OMPa and 7MPa Bond Indices in Expander Wells

From this observation, it may be further inferred that pre-dent bond
conditions of the same quality or better (i.e. smaller micro-annuli, better
pressurised/non-pressurised bond index) could be improved using LCE
technologies to provide hydraulic isolation.

The bond indices available from pre-dent, non-pressurised (0 MPa)
and pressurised (7 MPa) CBLs for the dented intervals of all trial wells
are plotted in Fig. 25. Following the reasoning above, dents WEE-2,
Interval 2, WEE-3, Interval 1, WEE-3, Interval 2, DVGN, Interval 1 and
DVGN, Interval 2 (see Table 3) define Polygon 1 (green, Fig. 25), a re-
gion of pre-dent bond index conditions over which the expander tools
were capable of successfully achieving hydraulic isolation with a
quantifiable and similar bond index improvements. Fig. 25, Polygon 2
(light yellow), highlights the case study intervals with pre-dent bond
conditions similar to or better than those in Polygon 1, suggesting that
hydraulic isolation via expanders is achievable in this region of pre-dent
bond indices. Lastly, Fig. 25, Polygon 3 (indicated in grey), illustrates
the region of pre-dent bond conditions over which it is unverified and/or
untested if hydraulic isolation via LCE can be achieved. It is possible that
conditions of pre-dent bond quality in Polygon 3 are suitable to provide
hydraulic isolation after denting, but these conditions could not be
identified in the available field data. Going forward, this analysis may be
used to justify hydraulic isolation interventions via LCE operations and
opportunities to expand the tested range will be considered.

Fig. 25. Range of pre-intervention bond indices for
all dent intervals across six field trial wells, i.e.

DVGN,1
1 ~ WEE-3,2 i ; :
1) Inferred region of pre-dent conditions for successful hydraulic isolation via expanders WEE»S,’l including both Local Expander and Energetic
inferred by SCVF elimination and confirmed by real-time SCVF monitoring and bond WEE-1,2 Expander tool data, with interpreted ranges of suc-
0.9 index conditions in dents WEE-2,2, WEE-2,1, WEE-3,1, WEE-3,2, DVGN,1 and DVGN,2. WLE-3,1 cessful, inferred, and unverified conditions for hy_
i~ WLE-3.2 draulic isolation for given pre-dent cement bond
0.8 11§ Wik quality. Green circles are wells with post-dent log-
‘ ging, blue diamonds for wells without post-dent log-
w 0.7 |2)Inferred region of pre-dent conditions for successful hydraulic ' A ging. See main text for discussion. (For interpretation
2} isolation vi i iminati : S e
S !sola‘uon vrfa gxpanders inferred h}y SQVF eltmlnatlon and bond Vress of the references to colour in this ﬁgure legend, the
= index conditions compared to points in region 2). H . . . .
- 0.6 ! reader is referred to the Web version of this article.)
5
=) i
£ 05 ¢ WS
E 4) Unverified pre-dent bond index *WLE's'G
b 0.4 conditions for successful hydraulic isolation
&.) 2 via expander dents. WLE-1,3 ‘
g 4 QWIE26
0.3 o - !
S ’ A WEE-2,2 3
WEE-3,3 e w12 :
0= WEE-3,4 3
=G WLE-2,4 WLE-1,1
& iEsrrings @ w238 :
0.1 WLE 2.2 ¢ ¢ SEL & WeR4S ‘«‘“VLE 27
Wit23 @ ©—wie1a @ w2l ‘
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Pre-Dent 7MPa Bond Index



T.K.T. Wolterbeek et al.

8. Discussion
8.1. Effectiveness of LCE technologies in SCP/SCVF remediation

The LCE-concept in general, and the Local Expander and Energetic
Expander tools in particular, have been extensively tested in both lab
experiments and field trials. In the laboratory studies, use of the LCE
tools to create dents in the innermost casing pipe of full-scale, cemented
wellbore samples (which initially contained microannuli and other de-
fects) is found to invariably improve sealing performance (Section 6.1).
In the majority of cases, LCE even resulted in effective restoration of
zonal isolation along the length of the lab samples, as evidenced by the
low post-dent equivalent permeability of the cemented annuli (Figs. 6d
and 7d), which attained values rivalling the sealing performance that
could theoretically be expected from a full-length section of perfectly-
bonded, defect-free cement (which has matrix permeabilities in the
range of 102! to 107" m? = 1 nD to 10 pD (Montgomery, 2006; Taylor,
1992)). These findings corroborate those of Kupresan et al. (2014,
2013), who previously observed noteworthy reductions in the perme-
ability of lab-scale cemented annuli upon expansion of the samples’
inner steel tube using a conical expansion mandrel. In the present study,
this beneficial effect of LCE on annular sealing performance could in
principle be extended to dual annulus configurations, where use of a
Local Expander tool achieved a hundredfold decrease in seepage rate
along the second cemented annulus of a dual annulus lab sample
(Fig. 6c¢, Section 6.1.1). However, additional research is required to
better understand how complete zonal isolation can be reliably achieved
in such multi-annulus configurations. Whether LCE technologies can
also effectively close and remediate larger defects, such as mud chan-
nels, is still subject of ongoing laboratory research, but preliminary re-
sults are rather promising.

Turning to the field trials, implementation of both the Local
Expander and Energetic Expander tools was generally successful (Sec-
tion 7). All six Groundbirch trial wells are currently classified as “sus-
pended” and remain part of an annual field-wide SCVF monitoring
programme. Per Shell Groundbirch internal best practice, each well has
to undergo a minimum of one annual monitoring cycle prior to
concluding that the SCVF has been permanently eliminated. Results for
the summer SCVF testing campaign of 2019 indicated zero residual flow
on WLE-1 and WLE-2, corroborating the short-term observations
(Fig. 15a-b), while the other four wells (WLE-3, WEE-1, WEE-2 and
WEE-3) were still pre- or mid-intervention at the time. All six trial wells
were included in the Summer 2020 SCVF testing campaign, with each
indicating zero residual flow. Next steps include completion of the
abandonment of all test wells with 100% SCVF elimination per the
above criteria, by placing plug and cement isolations inside casing at
selected caprock intervals in order to achieve formation-to-formation
isolations, as well as mitigate against future casing failure at dented
intervals, prior to commencing surface (cut, cap and reclamation) ac-
tivities. Additionally, Shell Canada is pursuing rapid replication of these
successful field trials with campaign-style abandonment work for 2020.
As SCVF wells of increasing complexity (including additional casing
sizes, weights and grades; cement quality threshold reductions and
casing integrity challenges) are addressed with expanders, the applica-
bility range for these tools will become further defined.

The success of the Canadian field trials also drove wider replication
efforts in early 2020. In February 2020, five wells in Shell’s Appalachia
asset (United States) were remediated using an Energetic Expander tool,
with a 50 cm dent spacing. While the CBL results for these trials are
inconclusive, vent flow measurements show remediation was effective,
eliminating about 2110 L/day of methane-equivalent emissions from
SCVF. In April 2020, an Energetic Expander tool was successfully
deployed using a 100 cm dent spacing in Alberta, Canada. CBL results for
this well are appended to Table 3. Calliper log results showed expansion
ratios in line with predictions and established uniform pipe deformation
was achieved. Casing integrity was retained and confirmed by a 7 MPa
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pressure test. Annular vent flow monitoring is still ongoing, but showed
a 92% reduction in SCVF and 98% reduction in SCP within the first two
weeks. Additional interventions, using 4-1/2" and 7" models of the Local
Expander tool and the EE-MS tool, are in various stages of planning and
execution.

8.2. Impact of LCE on cement structure and properties

LCE technologies impose large stresses and strains on the casing pipe
to locally enlarge its diameter. The associated deformations affect not
only the casing itself, but also impact the adjacent cement sheath,
additional casings and cement sheaths, plus surrounding rock forma-
tions. The intensity of deformation is expected to decrease quickly with
distance from the innermost casing, however, as progressively larger
volumes of interstitial material can redistribute and accommodate the
displacements imposed at the central casing pipe. This is also evident
from our laboratory tests, where relatively compliant behaviour of the
annular cement limited and smoothed the deflection of the outer casing
pipe (cf. casing on bottom of Fig. 8g). This pronounced deformation in
the cement sheath is noteworthy, considering that rather large strains
were accommodated without visible fracture or major loss of cohesion
(Fig. 8). From a sealing perspective, at least, the laboratory experiments
corroborate the cement structural integrity was retained, or even
improved (Figs. 6 and 7).

To understand why the LCE-induced deformations could be sus-
tained without significant cracking of the cement, it is important to
appreciate the significant impact of confinement on the mechanical
behaviour of cements. In conventional triaxial compressive tests, cement
is known to become markedly more ductile under elevated confining
pressure (Bazant et al., 1986; Li et al., 2019; Wolterbeek et al., 2016) as
higher effective mean stresses generally promote compaction processes
while inhibiting dilatational modes of failure (e.g. Jaeger et al., 2007).
In the LCE experiments, this confinement is provided by the outer casing
pipe, which prevents the cement sheath from spalling. This second
casing restricts outward movement, forcing the annular volume reduc-
tion caused by indentation to be accommodated mostly internally, i.e.
through closure of defects such as micro-annuli, fractures and other
voids, resulting in an overall densification of the cement microstructure.
In the LCE field trials, restraints are provided by the casing elements, as
well as the lithostatic pressure and stiffness response of the surrounding
rock formations. The profound impact of high confinement on cement
deformation has been demonstrated in so-called “tube squash tests”
(Bazant et al., 1999; Caner and Bazant, 2002), where cylindrical samples
of cement and concrete can be shortened to large strains, under high
confinement provided by ductile steel alloy tubes. Remarkably, cement
samples thus deformed were able to sustain about 50% axial shortening
strain without developing any visually detectable cracks, instead
showing high-angle (over 70°) cohesive shear bands (Bazant et al.,
1999), not unlike to the ones observed in our LCE experiments (Fig. 8g).
Bazant et al. (1999) further performed uniaxial compression and Bra-
zilian split cylinder tests on smaller cores drilled from their deformed
samples. They found that the compressive strength of the deformed
cement paste cores was about 30% of the corresponding virgin cement
paste compressive strength, while the tensile strength of the deformed
cement paste was about 50-60% of its initial tensile strength (see Table
4 of Bazant et al., 1999). Similar weakening may occur in close prox-
imity to the LCE dents, where the strains are largest, but is considered
unlikely further away from the dents. Accordingly, the locally dented
zones can be supported and constrained by the remainder of the cement
column, which will continue to provide mechanical and frictional
strength. Song et al. (2001) studied the microstructure of the cement
samples deformed by Bazant et al. (1999), concluding that the move-
ment and redistribution of hydrated phases contributed to the increased
ductility. Essentially similar results were obtained in the present study
and by Kupresan et al. (2014, 2013), who reported the cement in their
tests deformed by a combination of pore collapse, matrix densification
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and displacement of free pore water.

Further research is being performed to increase understanding of the
operable range of LCE technologies, e.g. in terms of the minimum degree
of confinement required to ensure stable mechanical behaviour of the
cement sheath. While this may impose limitations on LCE technology
use on cement sheaths directly against weak or shallow formations, it
should be noted that we have observed no such issues in any of the field
trials performed to date (e.g. none of the test wells developed signs of gas
migration after the LCE-tool interventions). This could be related to the
fact that shallower rock formations are generally shielded by multiple
casing annuli, with the LCE-induced deformations being largely damp-
ened within the first few cemented annuli (cf. Fig. 8g), rather than
directly impacting the rock formations. Further consideration should
nevertheless be given to determining the proper amount and application
rate of LCE for a given wellbore configuration. Especially with the Local
Expander tool (which creates the indentations in a mechanical, very
controlled manner) these properties can principally be tailored for
purpose as needed.

8.3. Impact on casing strength and implications for well design and
operations

The current casing integrity studies have only considered burst and
collapse loading. Hereby, it is implied that the pipe material has suffi-
cient ductility to survive the denting process and any additional plastic
set during the loading phases. Under this assumption, the performed
calculations indicate that pipe denting locally enhances the collapse
strength of a pipe (Fig. 12), while in practice the collapse strength will
remain to be controlled by the pipe body. Therefore, no additional
allowance needs to be considered for collapse design.

The finite element simulations further indicate that the residual
stresses induced by the denting process (Fig. 11) do not have a signifi-
cant effect on the ultimate internal pressure bearing capacity, as they are
plastically relieved at relatively low pressure-levels (Fig. 13). Should the
pipe be loaded further into the plastic regime, then through-wall plas-
ticity and thinning initiate locally in the crestal-zone of the dent.
However, these deformations can only grow large enough to become
unstable if through-wall plasticity effects are also occurring in the
adjacent pipe body material. The reduction in ultimate pressure bearing
capacity caused by the dents is therefore small (Fig. 13).

In conventional well design, expected (pressure) loads should ideally
be within the yield limits of the pipe (API TR 5C3, 2018), where addi-
tional design or safety factors may have been applied. Well loads within
these design limits (of the undented pipe) may in the dented pipe cause
some plastic relief of the residual stresses and some limited plastic set in
the dent region, particularly in burst scenarios. However, only for cases
of extreme unanticipated overloading (driving the confidence level of
the design), the application of LCE causes catastrophic pipe failure to
occur at slightly lower pressure (e.g. ultimate pressure bearing capacity
of 778 versus 796 bar in dented versus undented pipe, Fig. 13). Such
reduced ultimate strength levels will generally still be in excess of the
structural or sealing limits of the pipe connections. In burst loading
therefore, the connections may remain to drive the design. Furthermore,
well tubular design generally considers the loads experienced during the
entire functional life of the well, where the worst-case loading condi-
tions driving the design generally occur during drilling or production
phases. The loads experienced in the end-of-life abandonment phase will
generally be more moderate and uncertainties in formation pressures,
which may have affected the design phase, no longer exist. Additional
allowance may be provided by the specific locations of the dents, which
do not have to correspond to the critical well locations that drove the
original design. Thus, in most practical applications, the small strength
reductions predicted will only reduce the excess-strength at the location
of the dents.

Note this study considered only the occurrence of plasticity and
subsequent deformation mechanisms as would apply to the pipes made
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from materials having a minimum ductility to withstand the LCE pro-
cess. Instable propagation of small pre-existing (but still undetectable
during quality inspection) cracks, or environmentally assisted cracking
could occur. These failure mechanisms have not been analyzed in detail
and require further research.

8.4. Environmental and societal implications

In total, the three Local Expander tool and three Energetic Expander
tool interventions, completed in Groundbirch, Canada between November
2018 and November 2019, have eliminated about 10,400 L/day of
methane-equivalent emissions from SCVF (based on highest flow recorded
in annual tests). In addition to the reduction in emissions attributable to
the SCVF remedied, emissions associated with the intervention operation
itself have been dramatically reduced as a result of the introduction of rig-
less SCVF remediation. An operation that previously required about five
days of service rig operations, with various support equipment, including
e-line, acid and cement trucks, can now be completed in one day with a
small operational footprint, using only a masted e-line unit and a pressure
truck. This accounts for a reduction in diesel consumption per SCVF
intervention of over 90%. Additionally, the reduction in man-hours,
trucking, and operational complexity results in a net reduction in
Health, Safety and Environmental (HSE) exposure, and enables the in-
dustry to complete abandonment campaigns more efficiently, ultimately
resulting in a greater impact to SCVF-related emissions reduction targets.
In urban areas, the significantly smaller operational footprint would also
allow interventions to be carried out with minimal disturbance.

8.5. Regulatory challenges

In many jurisdictions, current regulations have detailed re-
quirements for annular hydraulic isolation which dictate that specific
cementing methods must be used, with specific guidance for products,
volumes and coverage dimensions. In order for regulators to enable
innovative and efficient solutions, regulations should be updated, where
applicable, to be more outcome-based. Alternate methods or barrier
materials are accepted provided the SCVF problem is resolved without
introducing additional hazards, and longevity can be demonstrated by
theoretical modelling, laboratory and field test results.

In Alberta and British Columbia, Canada, the incumbent method of
eliminating SCVF or achieving hydraulic isolation between porous zones
is to perforate a 3—4 m interval at the top of the source formation, i.e.
juxtaposed against a suitable caprock, and squeeze cement into the
perforations (Energy Safety Canada, 2020). While regulations do not
dictate perforation methods or the length of the cemented interval, the
required outcome is clear as the well cannot be fully abandoned until no
residual annular leakage remains. In order to support these
outcome-based regulations, for the Canadian field trials of our LCE
technologies, additional cement logging data has been collected and the
bond improvement evaluated (Section 7.3). These results indicate that
each set of casing expansions impacts the cement over substantially
longer length than the affected casing length. Combined with the pre-
and post-intervention vent flow measurements, these field results pro-
vide strong evidence to suggest that the efficacy of an annular seal is not
solely dependent on length of the barrier, but more so on the quality of
the barrier. This is corroborated by the laboratory testing, where single
(sets of) dents achieved an improved seal against differential pressure
comparable to the transport properties of much longer intervals of
perfectly bonded cement (Section 6.1). As methods which offer higher
efficiency of annular hydraulic isolation remediation are introduced and
qualified, trial results can be used as supporting evidence to move away
from prescriptive regulations and towards outcome-based regulations,
enabling these more efficient methods.



T.K.T. Wolterbeek et al.
9. Summary and conclusions

This study presents the results of an extensive research programme,
including laboratory, numerical modelling and field trial components,
demonstrating localized casing expansion (LCE) technologies offer prom-
ising possibilities for the restoration of annular zonal isolation along
wellbores. The LCE concept involves imposing permanent deformation on
the innermost casing pipe to locally enlarge its diameter. The reduction in
annular volume associated with such indentation of the casing results in
the mechanical closure of defects such as micro-annuli or fractures, and
causes an overall densification of the cement matrix. Two principally
different methods for achieving the required casing expansion have been
investigated, where the Local Expander tool imposes deformations me-
chanically, while the Energetic Expander tool makes use of tailored-
shaped explosive charges. Both tools were found to be highly successful
in the remediation of annular fluid migration. The main conclusions of the
research programme are summarised as follows:

e In the laboratory experiments, implementation of both LCE tools
invariably improved annular sealing performance in full-scale,
cemented-casing assemblies. In the majority of experiments, the
process achieved effective restoration of zonal isolation along the
entire length of the lab samples, thus successfully repairing a non-
sealing cement sheath.

Microstructural study of LCE-affected cement sheath samples ob-
tained from the laboratory tests showed the process does not result in
cracking of the cement. Instead, the imposed deformations are
accommodated through densification of the cement matrix and for-
mation of cohesive shear bands. Possible implications for mechanical
integrity are discussed.

Finite element modelling of the LCE process and subsequent loading
of the dented casing pipe to burst or collapse failure demonstrated
indentation does not significantly reduce the pipe’s collapse
strength, while the impact on burst strength is shown to become
relevant only in cases of extreme unanticipated overloading. These
findings are supported by laboratory testing.

The laboratory findings, field trial results and logging data show that
one or multiple short lengths (about 1 m) of densified cement are
effective in sealing against annular fluid migration.

The Local Expander and Energetic Expander tools have enabled
rigless remediation of sustained casing vent flow (SCVF) along six

Appendix A. Table 1 in imperial units

Table 1
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trial wells in Groundbirch, Canada. Initial SCVF-rates of 100-6000
L/day were reduced by over 90% within days to weeks after LCE-
based intervention. Follow-up monitoring over an extended period
in the Summer of 2020 indicated zero residual flow in all six trial
wells. This has eliminated about 10,400 L/day of methane-
equivalent emissions from SCVF.
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Overview of Local Expander tool specifications. OD denotes outer diameter; * ‘OD head (collapsed)’ corresponds to the minimum required casing inner diameter (ID)

drift size, required for the tool to move freely up and down the bore.

Local Expander tool 4-1/2"-model 7"-model 9-5/8"-model
expander head type (= target casing OD)

4-1/2" 4-1/2"T 5-1/2" 5-1/2"CT 7" 7'CT  7-5/8'CT 9-5/8” 9-5/8'CT 9-5/8"CT 10-3/4’CT 13-3/8'CT
OD body [inch] 3.54 3.54 3.54 3.54 5.63 5.63 5.63 5.63 5.63 8.15 8.15 8.15
OD head (collapsed)*[inch] 3.62 3.54 4.29 4.25 6.02 6.02 6.61 8.37 8.27 8.27 9.09 12.00
OD head (expanded) [inch] 4.51 4.61 5.49 5.70 6.98 7.36 7.95 9.33 9.61 12.05 12.87 15.78
max. radial increase [inch] 0.44 0.54 0.60 0.73 0.48 0.67 0.67 0.48 0.67 1.89 1.89 1.89
max. stroke length [inch] 6.97 6.97 6.97 6.97 5.51 5.51 5.51 5.51 5.51 16.73 16.73 16.73
max. axial force [kN] 853 853 1192 1192 1438 1438 1438 1438 1438 3155 3155 3155
tool length [ft] 22.97 22.97 27.89 27.89 13.12 13.12 13.12 13.12 13.12 15.42 15.42 15.42
tool weight [1bs] ~660 ~660 ~770 ~770 ~770 ~770 ~770 ~770 ~770 1650 1650 1650
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