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ABSTRACT

Deep wells in soft formations are completed with a steel tube (“casing™) that isolates the well from the surrounding rock. The annulus between the casing and the rock
is usually left open in long sections of the well, thus creating a potential pathway for leakage which must somehow be sealed by a barrier. In many wells, it has been
observed that shale formations creep in and close the annulus all by themselves, thus creating shale barriers. This may represent huge cost savings for the operator.
However, this does not happen in all shale formations. It is therefore of great interest for the operator to identify at an early stage whether a given shale is a potential
shale barrier material.

The objective of this study was to identify some characteristic features of shale barrier materials, that may allow for early identification and classification of shales
in terms of their potential as shale barrier material. In this study, the performance of shale barriers created in laboratory tests have been compiled with several
characteristic properties for a set of shale materials. As a first step in this process, a quantitative classification of the shales’ willingness to form barriers was
established, based on their resistance against annulus closure, and their resistance against forming a sealing barrier. The definitions of these parameters reflect that
formation of shale barriers depends on several factors in addition to rock properties.

Porosity emerges as a key parameter from this study. This result is supported by theoretical considerations. High porosity implies low shear stiffness and strength
which is a requirement for a shale barrier material. Low porosity on the other hand is often associated with over-consolidation and brittle behaviour which is
unfavourable for the process of forming a sealing barrier by deformation of the rock. An interesting implication of this result is that several other parameters that are
often available from well logs, such as density, and P- and S-wave velocities, may be used as indicators for shale barrier potential, since they are all closely related to
porosity.

Contrary to expectations, the test results revealed only weak connection between shale barrier quality and mineralogy related parameters such as total clay content
and quartz content. A possible explanation may be the limited selection of materials in our study, which contained only shales with clay content above 45% and
quartz content below 30%. This result may indicate that clay content is less important if it is higher than a given threshold, and that quartz content is less important if

it is lower than a given threshold.

1. Introduction

Wells providing the connection between hydrocarbon reservoirs and
the surface infrastructure penetrate the cap rock that has prevented
leakage from these reservoirs since their origin. Unless they are properly
sealed, these wells represent potential pathways for leakage, also after
they have been abandoned. Such wells are usually constructed with a
steel tube (“casing™) that constitutes an outer wall that protects the well
from the formation outside. The casing is anchored to the formation by a
cement plug, but long sections of the annulus between the casing and the
rock around the hole are usually left open. An open annulus is a highly
efficient pathway for flow of oil and gas, thus there is a need to seal off
such open sections at critical locations within the cap rock, to prevent
leakage along the well.

Ideally, we would like the annulus to be filled with a material that
has the same sealing efficiency, the same chemical composition, and
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similar mechanical properties as the cap rock itself. Virtually infinite
amounts of such a material are of course available right next to the well.
Moreover, nature is also providing a considerable force — the in situ
stress — that pushes this material towards the well. Numerous observa-
tions (Williams et al., 2009; Kristiansen et al., 2018, 2021; Noble et al.,
2019) have shown that in some shale sections, the rock does indeed
creep in and close the annulus, all by itself, forming a so called shale
barrier. Shale barriers represent a huge cost saving potential for the
operator, especially during plug and abandonment (P&A) operations, as
it may eliminate the need for costly cementing operations (Vralstad
et al., 2019).

The formation of a shale barrier depends on a favorable combination
of in situ conditions, borehole conditions, and rock properties. Borehole
conditions are to some extent controllable, and it is intriguing that this
may offer a potential for manipulation of the likelihood for the forma-
tion of a shale barrier. Rapid pressure drop in the annulus (Kristiansen
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etal., 2018, 2021), heating of the borehole (Bauer et al., 2017; Xie et al.,
2020), and annular fluid chemistry change (van Oort et al., 2020; Gawel
et al., 2021) are all methods that affect the shale barrier formation
process and are considered as potential methods to activate shales to
form well barriers (Fjeer and Larsen, 2018). It is not yet clear however to
what extent these methods may actually change the overall likelihood
for the formation of a shale barrier, or just accelerate a process that
would happen naturally anyway as seems to be the case for annulus
pressure drop (Kristiansen et al., 2021). It is therefore clearly of interest
to be able to identify, as early as possible, whether a given shale is a good
candidate as shale barrier material.

Earlier studies (Williams et al., 2009; Fjer et al., 2016; Kristiansen
et al., 2018, 2021; Enayatpour et al., 2019; Holt et al., 2019, 2020; van
Oort et al., 2022) have listed several features that appear to be charac-
teristic for shale barrier materials:

Rock mechanical properties:

- Low shear stiffness, low Young’s modulus

- Low cohesion, low unconfined compressive strength
Low friction angle

- Ductile behavior

Mineralogy:

High total clay content

High smectite content

Low matrix cementation

Low content of quartz and carbonates
High cationic exchange capacity

Petrophysical properties:

Low permeability
- High porosity
Low P-wave velocity

It has been the objective of this study to illustrate quantitatively how
these characteristic features, and a few others, correlate with their
willingness to form shale barriers.

2. Elementary considerations

The formation of a shale barrier requires that the force that pushes
the rock towards the casing is higher than the strength of the stress arch
that counteracts the movement of the rock. This force is given by the
difference between the in situ stress and the annulus pressure, while the
strength of the stress arch is given by the shear stiffness and shear
strength of the rock.

One interesting result can be derived already from this recognition:
Shales with low shear stiffness and strength are the best candidates as
shale barriers since such shales cannot sustain large shear stresses. For
the very same reason, the in situ stress carried by these shales cannot be
largely anisotropic. In situ stress anisotropy may thus be an indicator for
the shale’s inferior quality as a shale barrier material.

Another interesting result that can be derived from the above
recognition is related to the fact that the rock is pushed towards the
casing by the compressive stress in the plane normal to the borehole
axis. In a normal stress regime, where the vertical stress is larger than the
horizontal stresses, we may therefore expect that the likelihood for shale
barrier formation increases with well inclination.

Some other elementary relations can be established by making a few
simplifying assumptions. First, we assume that the annulus pressure is
equal to the in situ pore pressure, which is likely to happen eventually if
there is hydraulic communication between the annulus fluid and the
pore fluid. Further, we assume that the in situ stress is isotropic in the
plane normal to the borehole axis, and that the rock deforms as an
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isotropic, linearly elastic material with shear stiffness G. The annulus
will then be closed if the following requirement is fulfilled:

AR
O — P> 26— (1.1)

where oy, is the in situ stress, py, is the pore pressure, R is the borehole
radius and AR is the gap between the casing and the borehole wall. As
AR/R is typically 0.2-0.25 while oy, - pr, is of the order 10* MPa, we find
that this requirement will be fulfilled only if G << 0.1 GPa. This is
exceptionally low, requiring most likely that the deformation process
involves a significant amount of plastic strain (Fjer et al., 2016).

For rocks that do not fulfill the requirement (1.1), the shear stress at
the borehole wall may exceed the shear strength of the rock, if the in situ
stress is sufficiently large. Assuming that the rock behaves like a linearly
elastic material up until peak stress, we find that failure at the borehole
wall may happen if

Oh = Pro > % 1.2)

Failure at the borehole wall implies that parts of the rock may move
into the annulus, but proper closure of the annulus will only happen if
the post-peak deformation of the rock is predominantly ductile. Other-
wise, the annulus may be partly filled with rock fragments that provides
some relief for the stress arch but do not provide complete closure and
proper sealing of the annulus.

We note that (1.1) is a sufficient requirement for annulus closure. On
the other hand, if (1.1) does not occur, (1.2) is a necessary but not
sufficient requirement for annulus closure. Although the question of
closure or no closure of the annulus is a rock mechanical problem, there
is apparently not a single rock mechanical parameter — or a simple
combination of such parameters — that dictates whether the shale will
form a sealing barrier or not.

3. Equipment and test procedures

A dedicated laboratory test, which we call a shale barrier test, has
been designed to investigate whether a shale material is able to form a
sealing barrier around a casing under given conditions. A description of
the test and the equipment was given by Fjer et al. (2018).

The test is designed to simulate, as closely as possible, the geometry
and stress conditions around a borehole. The shale sample is prepared as
a hollow cylinder and exposed to an external stress that represents the in
situ stress. The outer diameter is usually 4" (about 10 cm), to enable the
use of field material that is available as seal peels. The ratio between the
hole diameter and the outer diameter is set to 1:10, as a tradeoff between
the need for a hole with sufficient size for instrumentation and the desire
to minimize the effects of a finite sample size. The formation of a shale
barrier implies that a region around the hole is largely deformed and
most likely loses a part of its loadbearing capacity. If this region reaches
the outer boundary of the sample, the sample is destabilized and the
correspondence between the external stress and the in situ stress can no
longer be trusted (Fjer et al., 2017).

The shale barrier tests are time consuming, lasting typically for a
month or more. Along with limited access to test material, this makes
repetition of uncomplete or non-ideal tests challenging or even impos-
sible. In some cases, we have therefore been compelled to try to correct
for shortcomings in the test rather than repeating it.

Fig. 1 illustrates the instrumented sample and the pressure configu-
ration on the sample. The sample is placed between two steel end-
pistons and a flexible sleeve extends over the sample between the end-
pistons to act as a barrier between the sample and the fluid in the
pressure vessel. A thin-walled aluminum tubing with an outer diameter
of 8 mm is placed in the center hole. This tubing represents the casing,
and it is instrumented internally with three strain gages which are
calibrated with respect to uniform external pressure. The strain gages
mounted in the casing measure the load on the casing continuously.



E. Fjeer et al.

] i Top piston

Fluid L

port _“"‘:P: “

g
- |—Sample

Sleeve

“Strain-§

| Casing
.99qes
i) | Plug
il
Fluid ¢
otk 3: N Bottom piston

e Circ.
Y Fxtensometer

Geoenergy Science and Engineering 231 (2023) 212312

Fig. 1. Test cell configuration, sample, and pressures.

External strains of the sample are measured axially by LVDT’s and
radially with a circumferential extensometer.

The isotropic external stress (oex;) is identical to the pressure in the
pressure vessel and acts axially and radially on the sample through the
end-pistons and the sleeve. This stress represents the horizontal stress in
a field situation with a vertical well.

The pore pressure on the external circumference (ps. — called “screen
pressure” for simplicity) is controlled via steel tubes which penetrate the
sleeve and represent the in-situ pore pressure in a field situation. The
center hole in the sample is fluid filled and the pressure (p,) is controlled
through the end-pistons. The center hole and the pressure p, represent
the borehole and the annulus pressure, respectively, in a field situation.
A mineral oil (kerosene) is used as annulus fluid in order to eliminate
possible chemical interactions between the annulus fluid and the shale.

The main purpose of these tests is to investigate the sealing capacity
of the interface between the casing and the center hole wall, as the
pressure difference (oext - Pa) causes a reduction of the hole diameter and
may bring the hole wall in contact with the casing, potentially gener-
ating a shale barrier. To obtain a quantitative measure of the sealing
capacity of the shale barrier, the annulus permeability is measured during
the test. This permeability is the main parameter recorded during these
tests. It represents the equivalent permeability of an annulus filling
material, giving the same resistance to flow along the annulus as the
shale barrier. The annulus permeability is measured periodically during
the test, using a transient pressure — pulse decay method, which is less
disturbing to the shale barrier than a steady state measurement, and
requires less time (Fjar et al., 2018).

The failure characteristics of the center hole will vary with different
shale types and the orientation of the center hole with respect to the
bedding plane normal. Most often the initial contact between the casing
and the yielded sample will not be uniform, and the annulus perme-
ability does not become meaningful until a large portion of the casing
length is contacted by the yielded material from the center hole wall.
Having three independent measurements of the contact force on the
casing gives insight to the pressure distribution which may vary from
uniform compression to bending of the casing, however it does not give
the full resolution of the variability in the contact pressure. Neverthe-
less, the initial point of contact between the casing and center hole wall
is captured reasonably well.

The annulus pressure p, is kept equal to ps. throughout the test to
maintain uniform pore pressure within the sample. The sample is first

allowed to consolidate under conditions where a barrier is unlikely to
form; that is, with a low difference between the external stress ceyt and
the annulus pressure p,. After consolidation, the external stress is
increased while the screen pressure and the annulus pressure are kept
constant. The rate of stress increase is kept low (=0.02 MPa/h) to restrict
pore pressure build-up within the sample.

To compare the outcome of the tests, two quantities have been
selected as relevant measures of the barrier forming process:

a/cc = Oext — Psc When casing contact is first detected. This is an in-
dicator of the net lateral in situ stress (i.e. the net in situ stress in the
plane normal to the borehole axis) required to close the annulus. We call
this quantity annulus closure resistance.

a;b = Oext — Psc When the annulus permeability has reached 1 mD.
This is an indicator of the net lateral in situ stress required to obtain a
specific sealing efficiency. We call this quantity shale barrier resistance.

Note that a low value for a;b indicates a high degree of willingness to
form a shale barrier, and vice versa.

Some of the materials were tested with a different procedure, where
the external stress is kept constant while the annulus pressure is reduced
stepwise (Fjer et al., 2018). As repeated tests with the “standardized”
procedure described above were not possible for all materials, we wish
to also utilize the results from such non-standard (underbalanced) tests
to get some idea of the performance of these materials. To do so, we try

to find the estimated net external stress o, , where a given event —

est.e
observed in an underbalanced test — would occur if the test had been
standardized. We establish such an estimate by considering the linear
elastic solutions for a hollow cylinder, and the conditions for failure at
the borehole wall according to the Mohr-Coulomb criterion (see for
instance Fjaer et al., 2021):

For p, = psc (standard conditions) failure occurs at

, 1
Jext(: Oext 7psc) :ECO (13)
For p, < psc (underbalanced conditions) failure occurs at

, 1
Texa = 5C0 =X (P = Pu) 1.4)

where
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Co is the unconfined compressive strength, R and R are the inner and
outer radii of the hollow cylinder, a is the Biot coefficient, and vy, is
Poisson’s ratio. With typical values for these parameters, we find that y
~ 0.75 + 0.1.

By combining expressions (1.3) and (1.4), we find that if failure

occurs at o, in an underbalanced test it should occur at

ext,u

Ooste = Oexin + X (Psc = Pa) (1.6)

in a standardized test. Thus, 6,

as expressed by Eq. (1.6) may be used
as an estimate of the relevant net effective stress for the non-
standardized shale barrier tests. Note that underbalance was achieved
by stepwise quick reductions of annulus pressure in the underbalanced

tests, which implies that onset of rock-casing contact and 1 mD annulus

permeability may have occurred within a range of o,
observations were absent or hard to interpret, adding further uncer-
tainty to the results. Nevertheless, the materials included here are
extreme cases whose results are significant and meaningful even with
large uncertainties. In the following, the results originating from the
underbalanced tests will be clearly marked.

values where

4. Samples

This study included 9 shales: 6 field cores, labelled F1 ---F6, and 3
outcrops, labelled O1, 02, 03. The field cores originate from the North
Sea area. The outcrops are known from the literature:

O1 = Pierre II shale (Schultz et al., 1980; Agofack et al., 2022).

02 = @lst shale (Heilmann-Clausen et al., 1984; Nielsen et al., 2015).

03 = Pierre I shale (Schultz et al., 1980; Islam and Skalle, 2013).

Data from petrophysical and rock mechanical characterization of the
materials are listed in Table 1.

The rock mechanical parameters are obtained by consolidated un-
drained (CIU) tests on core plugs oriented with their axis normal to the
bedding plane. These parameters are shear modulus G, Poisson’s ratio v,
unconfined compressive strength Cy (UCS), and friction angle & which is
obtained by combination of results from several tests. Ultrasonic P-wave
velocity (V}) is measured axially during the CIU test, at the end of the
consolidation period. S-wave velocity (V) is estimated from the initial
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static unloading shear modulus (obtained by a procedure described by
Fjeer et al., 2013; see also Lozovyi et al., 2017), and density, presumably
representing the velocity at seismic frequencies.

Hollow cylinder strength (HCS) is obtained by a test on a hollow
cylinder (outer diameter: 50 mm; inner diameter: 10 mm) and is here
defined as the net external stress needed to induce a 1% (10 millistrain)
reduction of the hole diameter.

Some of the petrophysical parameters are missing for one of the
materials (F6) while most of the rock mechanical parameters are missing
for one of the other materials (F5) due to insufficient amounts of
available material and other circumstances beyond our control. The test
results for these materials are still interesting though. For material F5 we
have tentatively filled in most of the missing information based on well-
established correlations with available parameters. Results originating
from data obtained by this procedure will be clearly marked in the
following.

In anisotropic rocks like shale, the direction of the wellbore relative
to the bedding plane may have a strong impact on borehole stability
(@kland and Cook, 1998). For the field cores in our study, the sample
axis has to coincide with the core axis, hence the angle between the
borehole and the bedding plane of the shale is fixed by azimuth and
inclination of the well relative to strike and dip-angle of the shale
bedding. Most of these cores were taken from vertical well sections in
shales with horizontal bedding, hence the borehole is nearly normal to
the bedding plane for these cores. The same orientation was chosen for
the outcrop samples. Effects of wellbore inclination versus bedding
plane are therefore not included in this study. Sample F5 is an exception;
the angle between borehole and bedding plane is 55° in this sample,
corresponding to 35° well inclination in a formation with horizontal
bedding. For a strongly anisotropic rock, this inclination may be suffi-
cient to reduce the borehole strength somewhat (Bautmans et al., 2018),
hence it is possible that the observed value for o, is lower than it would
have been if the borehole was normal to the bedding. The effect is

probably limited though. The possible effect on a;b is less clear. F5 is
marked and may easily be identified in the results presented below.

4. Results

The timeline for the shale barrier test on material O1 is shown in
Fig. 2, as an example. Following the initial loading, the sample is left to
consolidate for about 12 days at a net external stress of 2 MPa. After that,
the external stress is slowly increased. Casing contact is identified as the

Table 1

Petrophysical and rock mechanical data for the tested shales.
Parameter F1 F2 F3 F4 F5 Fo6 o1 02 03
Density [g/cm3] 2.14 2.02 2.29 2.30 1.89 2.36 2.06 1.92 2.39
Porosity [%] 39.5 39.7 26.8 21.3 31.9 23.9 40.3 47.5 20.8
Total clay [%] 61.5 85.3 79 62 86.5 47.7 50.5 74.6 45.6
Smectite [%] 48 67 45 49 77 - 86 45 20
Quartz [%] 15 5 9 23 6 26 27 10 27
Spec. surface [m?/g] 40 17 38.3 8.2 33.2 - 27 54 17
CEC [meq/100g] 53 63.7 64.2 37.1 48.3 42.2 42.6 74.3 26.6
TOC [%] 0.82 3.27 0.65 1.4 3.8 - 1.2 1.2 1.08
Vp [m/s] 2081 2010 2503 2587 1930 2648 2121 1700 2848
Vs [m/s] 611" 686" 877" 829° 696" 698" 535" 247 709"
Shear modulus [GPa] 0.41 0.33 1.3 1.04 0.26° 0.69 0.24 0.0022 0.43
Poisson’s ratio [-] 0.43 0.52 0.48 0.43 0.43¢ 0.34 0.38 0.68 0.24
UCS [MPa] 6.3 6.5 12.7 11.5 6.42° 9.2 6.4 0.12 9.7
Friction angle [°] 15.1 14.3 19.6 15.2 23.3' 25.2 13.3 12.7 30.1
HCS [MPa] 6.4 8.9 10.9 9.7 8.7 7.5 6.5 0.6 11.9

a

> Estimated from P-wave velocity (Castagna et al., 1993).

Estimated from P-wave velocity (Horsrud, 2001).
d Estimated from P- and S-wave velocities (Simmons and Brace, 1965).
¢ Estimated from porosity (Dewhurst et al., 2015).
f Estimated from clay content (Chang et al., 2006).

c

Estimated from initial static unloading modulus (Fjer et al., 2013), and density.
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Fig. 2. Timeline for the shale barrier test on O1.

point where a consistent deviation is initiated in at least one of the strain
gages attached to the casing. Note that accurate identification of this
point is rather challenging and involves an element of subjective
judgement, which implies that for most of the tests there is significant
uncertainty — typically 1-2 MPa — in the recorded value for a;C. The point
where the annulus permeability reaches 1 mD is found by interpolation
between the recorded values. This is essentially an objective procedure,
and the uncertainty is therefore correspondingly less for o, .

CT scans taken before and after the test on O1 are shown in Fig. 3.
The scans taken after the test show nearly complete closure of the
annulus, in agreement with the induced reduction in annulus perme-
ability. The scans also prove that the rock near the borehole has suffered
permanent plastic deformation during the test. Some clearly visible axial
cracks, which may have developed during unloading of the sample,
indicate the extension of the plastified region (Fjer et al., 2018).

The results from all shale barrier tests are given in Table 2. No value
for U/CC could be obtained for sample F6, as this test was performed on a
smaller sample with no strain gages attached to the casing. For the
samples F4 and O3, the annulus permeability did not reach as low as 1
mD during the tests, hence no values for 6;2; were detected. The highest
value for the net external stress explored in each of these two tests is
therefore given as a lower limit in Table 2.

The values for annulus closure resistance and shale barrier resistance
given in Table 2 can be correlated with the petrophysical and rock
mechanical parameters (Table 1), in order to reveal characteristic fea-
tures of the rocks most likely to form shale barriers.

First, we consider the correlation between annulus closure resistance
and hollow cylinder strength (HCS), as we may expect a close relation
between these two parameters. The correlation plot is shown in Fig. 4
(left). The correlation is very strong, with correlation coefficient r =
0.90. The correlation between shale barrier resistance and HCS (Fig. 4,
right) is weaker but still moderately strong, with r = 0.77. This makes
sense, as annulus closure is a necessary but not sufficient requirement
for a sealing barrier, hence the connection between shale barrier resis-
tance and HCS is expected to be weaker than the connection between
annulus closure resistance and HCS.

The red, dashed lines shown in Fig. 4 are trend lines, obtained by
fitting the data sets to straight lines. These are included as guides for the
eye. The arrows on the figure to the right indicate the unexplored ranges
for shale barrier resistance for samples F4 and O3, respectively, which
did not reach the 1 mD target. The fact that the arrows are crossing the
trend line indicates that also these two samples might have supported
the same trend, had the tests been extended.

Values for the correlation coefficient r are given in Table 3, for all
correlation sets.
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Fig. 3. CT scans of the O1 sample, before the test (upper row; without casing) and after the test (lower row; with casing in place).

Table 2

Test results from the shale barrier tests.
Parameter F1 F2 F3 F4 F5 F6 o1 02 03
g’cc [MPa] 6 9 9.5 14.4 8.5¢ - 7.2 1" 14.6"
d,, [MPa] 14.4 10.5 20 >15.2" 12.7¢ 21.5% 10.6 1.6" >16.6"

# Underbalanced test — the value is estimated by means of Eq. (1.6).

b The target value (k, = 1mD) was not reached during the test. The given value represents a lower limit for G-
¢ The angle between the borehole axis and the bedding plane normal is 35° for this sample.
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Fig. 4. Correlation plots between hollow cylinder strength (HCS) and annulus closure resistance (left) and shale barrier resistance (right). Open circular symbols (o)
represent results from underbalanced tests. The open square symbol ([J) represents sample F5 (c.f. footnote c of Table 2). The red dashed lines are linear trend lines.
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Table 3
Correlation coefficient r relating annulus closure resistance (rr’cc) and shale
barrier resistance (a;b) to a petrophysical or rock mechanical parameter.

Petrophysical or rock Correlation coefficient r -

mechanical parameter

- with annulus closure - with shale barrier

resistance resistance

Density [g/cm®] 0.76 0.85
Porosity [%] —0.93 —0.93
Total clay [%] —-0.34 —-0.29
Smectite [%] —0.31 —0.05
Quartz [%] 0.46 0.30
Spec. surface [m?/g] —0.87 —0.32
CEC [meq/100g] —-0.78 —-0.55
TOC [%] 0.02 -0.13
Vp [m/s] 0.89 0.93
V, [m/s] 0.82 0.88
Shear modulus [GPa] 0.58 0.84
Poisson’s ratio [-] —0.76 -0.77
UCS [MPa] 0.84 0.92
Friction angle [°] 0.64 0.85
HCS [MPa] 0.90 0.77

The parameters that appear to have the strongest correlations with
shale barrier resistance are porosity, P- and S-wave velocities and UCS (|
r| = 0.88-0.93). Correlation plots for these parameters are shown in
Fig. 5, Fig. 6, Figs. 7 and 8, respectively. Note that the correlation is
negative for porosity and positive for P- and S-wave velocities and UCS,
meaning that higher porosity indicates higher probability for shale
barrier formation while higher P-wave velocity, higher S-wave velocity
and higher UCS indicate higher resistance against formation of a shale
barrier. Each of these parameters also have strong correlations with
annulus closure resistance (|r| = 0.82-0.93).

Density, friction angle and shear modulus also have strong correla-
tions with shale barrier resistance (r ~ 0.85). The correlations with
annulus closure resistance are more moderate (r = 0.58-0.76).

All of the mineralogy related parameters correlate poorly with shale
barrier resistance. Also the correlation with annulus closure resistance is
poor, except for CEC (Fig. 9) and for specific surface (Fig. 10). These
somewhat surprising results will be discussed in the next chapter.

5. Interpretation and discussion

Table 3 and Figs. 4-10 show some clear, some less clear and some
noticeably absent trends in our data set. This may reveal useful infor-
mation about characteristic features of the rocks that are most likely to
form shale barriers. Note however, there is - statistically - a finite
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probability that even totally unrelated parameters may display a strong
correlation in a given data set. Considering the large number of
parameter pairs tested here, and the limited number of samples
involved, we may in fact expect to find one or two cases where the pa-
rameters correlate strongly simply by chance. Therefore, we shall
evaluate the correlations presented in Table 3 carefully and try to back
up the findings with theoretical considerations and combination of
results.

The very strong correlations (|r| > 0.85) between shale barrier
resistance and the petrophysical parameters porosity, density, and P- &
S-wave velocities agree with earlier findings, as listed in Chapter 1.
Although none of these parameters are direct measures of the main
parameters mentioned in Chapter 2 - the static shear stiffness and the
strength of the rock — they may serve as useful indicators of the rock’s
ability to form shale barriers since they are often available from well
logs.

It seems clear that porosity is a key parameter here. As the presence
of solid material is the origin of shear stiffness and shear strength, which
provide the resistance against annulus closure and barrier formation, the
absence of solid material — i.e. porosity — will have a correspondingly
strong impact on the same parameters, as shown by for instance Horsrud
(2001). Porosity also has a strong impact on density and wave velocities
within the same lithology (Wyllie et al., 1958; Wang, 2000). The cor-
relation between porosity and other parameters from Table 1 are shown
in Table 4. Comparing these values to those of Table 3 we see quite
clearly that the parameters which have the closest correlation with
porosity also have the best correlation to shale barrier resistance. Thus,
the strong correlation between for instance P-wave velocity and shale
barrier resistance is most likely a consequence of the correlation be-
tween P-wave velocity and porosity in our data set, rather than a
genuine relationship between P-wave velocity and shale barrier
resistance.

Porosity may also be an indicator of another relevant property of the
rock. Low porosity is usually a consequence of deep burial and diagen-
esis at some point in the geological history of the rock, even if the
present-day depth is relatively shallow. Over-consolidated materials (i.
e., materials that have experienced a higher stress than its present stress
level) tend to be more brittle and hence less likely to form a sealing
barrier (Holt et al., 2019, 2020), hence porosity may also be an indicator
for this relevant property. Over-consolidation can be revealed by p’-q
plots of undrained compression tests, as the stress path in such plots
make a clear turn to the right at higher stress levels for over-consolidated
materials but not for normally consolidated materials. Fig. 11 shows p’-q
plots for all the materials in this study (except F5). The four materials F3,
F4, F6 and O3 show clear signs of over-consolidation, unlike the others.
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Fig. 5. Correlation plots between porosity and annulus closure resistance (left) and shale barrier resistance (right). Open circular symbols (o) represent results from
underbalanced tests. The open square symbol ([J) represents sample F5 (c.f. footnote c of Table 2). The red dashed lines are linear trend lines.
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Fig. 9. Correlation plots between CEC and annulus closure resistance (left) and shale barrier resistance (right). Open circular symbols (o) represent results from
underbalanced tests. The open square symbol ([]) represents sample F5 (c.f. footnote ¢ of Table 2). The red dashed lines are linear trend lines.
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Table 4
Correlation coefficient r for the relations between porosity and the parameters
with strongest correlation to porosity.

Parameter r Parameter r
Density —0.82 ucCs —-0.87
P-wave velocity —0.92 Friction angle -0.75
S-wave velocity —0.80 HCS —0.80
Shear modulus —0.73 CEC 0.71
Poisson’s ratio 0.71 Spec. surface 0.65

These are also the four materials with lowest porosity (Table 1) and
highest shale barrier resistance (Table 2).

The correlations between shale barrier resistance and most of the
mineralogy related parameters - total clay content, smectite content,
quartz content, and total organic carbon (TOC) — do have the expected
signs but are all very weak (|r| < 0.30). This is surprising, especially as
high clay content and low quartz content are assumed to be important
features of barrier forming shales (Williams et al., 2009; Kristiansen
etal., 2018; van Oort et al., 2022). The selection of rock types in our data
set may be a possible explanation for this result. All the shales tested
here have clay content above 45% and quartz content below 30%, thus
materials with low clay content and high quartz content have not been
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Fig. 11. p’-q plots from a CIU test for all materials, except F5. The O2 sample
could not be stabilized at p> = 5 MPa, hence this test was run at a lower level.
This has no consequence for the conclusion drawn from this plot.
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included in the study. The lack of correlation between shale barrier
resistance and clay content in our study may indicate that clay content is
less important if it is higher than a given threshold. Similarly, quartz
content may be less important as long as it is lower than a given
threshold.

Such a threshold could be the transition point where stiffer, non-clay
components like quartz and carbonates no longer constitute a load-
bearing framework. The requirement for the clay content cg, of a shale
barrier material may then be expressed as

P — @ 100

1.7
100 — ¢ 1.7)

Csh [%] >

where ¢ is porosity and ¢ is the critical porosity (Nur et al., 1998) for
the non-clay components. The value for ¢, varies considerably among
rock types (Mavko et al., 2003) but falls in the range 40-65% for the
most relevant types. Considering the values given in Table 1, we find
that all our materials appear to comply with Eq. (1.7). The least willing
ones to form a barrier, O3 and F6, are somewhat marginal though.
Although not directly comparable, we also see that the predictions of Eq.
(1.7) are on the same page as the individual thresholds for porosity
(>25%-30%) and clay content (>50%) given by van Oort et al. (2022).
These observations provide some support for the relevance of Eq. (1.7).

Based on the same argument, we may also establish a requirement
for the content cq of quartz and other stiff components:

MIOO

1.
100 — ¢ (1.8)

cq|%) <

A check on the values given in Table 1 confirms that all our materials
fulfil this requirement with a clear margin. Again, we cannot make a
direct comparison with the individual threshold (cq < 30%) given by van
Oort et al. (2022), however it is clear that Eq. (1.8) describes a signifi-
cantly higher threshold. A possible explanation for this discrepancy can
be that Eq. (1.8) does not account for matrix cementation.

The cation exchange capacity (CEC) correlates moderately (r =
—0.55) with shale barrier resistance, and strongly (r = —0.78) with
annulus closure resistance (Table 3 and Fig. 9). These relations may be
realistic, as annulus closure is a necessary but not sufficient requirement
for a shale barrier. (Note that the correlation between shale barrier
resistance and annulus closure resistance is 0.82.) However, the results
do not suggest that CEC is a good indicator for the willingness to form
shale barriers.

Even less convincing are the results for the specific surface, which
correlates very strongly (r = —0.87) with annulus closure resistance, but
poorly (r = —0.32) with shale barrier resistance (Table 3 and Fig. 10).
The possibility that the strong correlation with annulus closure resis-
tance is a statistical coincidence must be considered.

This study has been based on a simplified description of the shale
barrier problem, in terms of stress geometry, hole size, duration of test,
etc. According to this description, a shale barrier should be formed if the
difference between in situ stress o}, and pore pressure py, is larger than
the shale barrier resistance, i.e. if

O — Pio > 0, (1.9)
In reality, the in situ stress is usually anisotropic so that the parameter
represented by oy, in Eq. (1.9) should be a function of wellbore inclina-
tion and all stress components (primarily the compressive stress in the
plane normal to the borehole axis). Further, lack of communication
between the annulus fluid and the pore fluid, caused for instance by the
use of oil based mud, may result in a situation where the parameter
represented by pr, in Eq. (1.9) should be replaced by an annulus pressure
that is different from pg,. Also note that a;b is here associated with the
specific value 1 mD for the annulus permeability. Another target value
for the annulus permeability would obviously give another value for o;b.
Time is also an important parameter, which we have not addressed here,
as annulus permeability tends to decline with time (Kristiansen et al.,
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2018; Xie et al., 2019; Fjeer et al., 2016, 2023). For comparisons between
standardized tests with identical loading rates, the time issue is essen-
tially eliminated, however. Finally, specific conditions such as borehole
temperature, mud composition etc. as mentioned initially, may also
have impact on o;b. Therefore, we should not expect that application of
Eq. (1.9) in combination with trend lines from Figs. 4-10 will give
quantitatively accurate predictions of the likelihood for the formation of
shale barriers in a field situation. These trends may still be useful as
guidelines, however.

6. Conclusions

We have established a quantitative classification of shales in terms of
their willingness to form shale barriers. The classification is related to a
dedicated laboratory test that is designed to resemble the geometry and
stress conditions around a borehole. The classification is based on two
parameters:

1. annulus closure resistance, which indicates the net lateral in situ
stress required to close the annulus.

2. shale barrier resistance, which indicates the net lateral in situ stress
required to obtain a specific sealing efficiency for the barrier.

The definition of the parameters reflects the fact that formation of a
shale barrier is a process that depends not only on the rock itself but also
on the in situ stress conditions as well as the borehole orientation. It also
shows the need to identify a quality requirement for the shale barrier.

Compilation of petrophysical data, rock mechanical data and data
from shale barrier tests for a set of field and outcrop shales has revealed
some characteristic features of the shales that are most willing to form
shale barriers. As expected from theoretical considerations, high shear
stiffness and high shear strength coincides with high resistance against
annulus closure and shale barrier formation. These parameters are
closely related to porosity which emerges as a key parameter in this
study: low porosity implies high resistance against annulus closure and
shale barrier formation while high porosity indicates a potential will-
ingness to form a shale barrier. Additional features such as over-
consolidation may strengthen this relation between porosity and shale
barrier resistance. Our results support the assumption that over-
consolidated materials are less likely to form sealing barriers.

Other parameters that are closely related to porosity, such as density
and P- and S-wave velocities, also correlate well with shale barrier
resistance. These parameters are usually available from well logs. Our
results may thus enhance the value of well log data as input for shale
barrier prediction.

No clear correlation was found between neither total clay content
nor quartz content and shale barrier resistance, contrary to expectations.
This may be a consequence of the limited selection of materials in our
study, which only included shales with clay content above 45% and
quartz content lower than 30%. It may also indicate that clay content is
less important if it is higher than a given threshold, and similarly that
quartz content is less important if it is lower than a given threshold.
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