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EXECUTIVE SUMMARY

Carbon dioxide (COz2) occurs naturally underground and recently, is also being employed in a
number of industrial subsurface applications. In response, a comprehensive review was initiated
to study the potential effects of the flow of CO2on very-fine-grained sedimentary rock, in
particular, shale. An emphasis of the study is to characterize the potential of the shale to swell
when exposed to CO2, and how to identify the potential for swell when CO: is used at a specific
site.

This report is the second in a sequence of reports from this study. The present material examines
mechanisms and factors related to the swell induced by hydration of clay minerals, clays, and
shales. An understanding of hydration mechanisms of clays and shales is intended to provide a
basis for understanding the response of shale to CO..

The report is divided into three sections. Section 1 summarizes the various mechanisms that can
induce volume expansion/contraction in shales, and examines clay mineral structure and related
physiochemical swell mechanisms. The second section examines the current experimental
techniques used to quantify the potential for expansive strain and pressures. The last section
examines experimental observations and correlations on physiochemical swell and identifies a
list of factors of importance that affect swell.

Major summary points of this report are:

1. The mechanisms underlying the behavior of shale upon hydration are: (1) mineral
alteration swell: a reaction of one (or more) minerals in the rock mass inducing
expansion; (2) mechanical swell: the result of reduction in capillary-related pressures
upon wetting, causing a mechanical response; and (3) physiochemical swell:
physiochemical reactions of clay minerals that expand the rock matrix due to sorption.
Physiochemical swell is considered the dominate mechanism applicable to CO2 swell, but
mechanical swell may also be a factor in observations.

2. Physiochemical swell is related to the layered, crystalline structure of clay minerals
(understood as phyllosilicates/sheet silicates). Expansion or contraction of the minerals is
induced by changes in electrostatic balance within and between clay mineral layers and
the interlayer cations and water molecules that bind the layers together. There are a
number of different clay minerals

3. Several testing techniques are available to evaluate rock swell potential, but most current
techniques have significant limitations, and the need for new technology is paramount. It
is recommended that the hollow cylinder concept be further developed and issues such as
swell and borehole stability be investigated with large samples.

4. Sample disturbance can be a major factor in conducting and evaluating laboratory testing,
and needs to be actively considered in test planning. It is recommended that a test
program be conducted to characterize the effects of sample disturbance (including
depressurization during sampling in situ) on the geomechanical properties and the swell
response of shales.

5. Upon a review of hydration swell correlations, it is evident that a single factor cannot
predict swell potential or pressure accurately for shales. In addition to factors considered
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in correlation studies, conditions such as the type and chemistry of the external fluid,
fabric anisotropy, temperature, and pH can also influence the observed swell to some
extent.

6. Upon evaluations of the swell correlation studies and other literature, a list of factors that
influence hydration swell of shales is proposed (see Table 9).

Recommendations are provided at the end of the report.




Review of the Effects of CO, on Very-Fine-Grained Sedimentary Rock/Shale - Part 11: Clay Mineral & Shale
Response To Hydration

1. INTRODUCTION

1.1 SCOPE

This report is part of a series of reports that reviews the current state of knowledge on the
response of very-fine-grained sedimentary rocks to the flow of supercritical carbon dioxide
(scCOz2) and brine. In particular, this multi-part review focuses on the potential for rock
expansion and contraction behavior (typically stated as rock swell) of shales as well as other
effects that can change fracture aperture, affect fluid flow, and affect rock properties important
for captured carbon storage and enhanced geothermal systems.

The present volume examines mechanisms and factors related to the swell induced by hydration
of clay minerals and shales. This report first discusses the possible causes that induce expansion
of shales due to hydration, and in particular, describes the swell of clay minerals. Next, typical
test equipment for swell testing is identified, and finally the experimental evidence of swell in
argillaceous materials is examined to assess the factors important to this behavior. An
understanding of the hydration mechanisms of clay minerals and shales can serve as a
fundamental basis in understanding the response of shale to CO..

1.2 PROBLEM STATEMENT

CO:zexists naturally in the subsurface, together with other gases such as carbon monoxide (CO),
methane (CHa), hydrogen sulfide (Hz2S) and noble gases. In addition, in recent years, CO2 has
been injected in the subsurface for the purposes of enhancing hydrocarbon recovery and for
geothermal energy production, and is also being studied for storage at depth to address issues of
climate warming. As all these efforts are often conducted at substantial depths in saline
environments, the resulting fluid is actually a combination of scCO2 and brine, with some
dissolution of the COz2 into the brine. As scCO:z is less dense than the native brine, after injection,
there is a natural flow upwards, passing through the more-permeable injection horizon (say a
sandstone or limestone unit) until encountering a less-permeable horizon, often identified as a
caprock or seal shale.

The flow through the caprock can have significant consequences. For CO2 sequestration, the
caprock is intended to limit the upward COz flow into the biosphere as much as possible. This
flow is actually a dynamic process, as the scCOz-brine is expected to interact with the caprock
which will influence the transmissibility of the material system. For some factors, the
physiochemical reactions may increase the transmissibility, while other factors may substantially
reduce the flow. (This also pertains to applications where the formation is used to store scCOz.)

The intent of the overall review is to examine the current literature to identify the possible range
of expected effects of the scCO2-brine fluid on shale rock masses. As there is limited information
on the overall topic, the search scope includes summarizing the effects of other fluids on shale
response. For administrative purposes, the results of the study are presented in a set of reports. In
each report, the relevant topics are critically examined, identifying limitations and making
recommendations to address issues in current technology.
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2. MECHANISMS OF EXPANSION/CONTRACTION

2.1 EXPANSIVE BEHAVIOR OF MUDSTONES
2.1.1 General

The expansive behavior of clays and mudstones has been observed in various engineering efforts
including foundation heave and attendant structural failure, tunnel roof falls, invert heave and
sidewall failure, and borehole closure and collapse (e.g., Chen, 1988; Steiner, 1993; Day, 2005)?.
This volume behavior (often termed “swelling”) is typically associated with a change in water
availability in the subsurface and a change in stress conditions; it is a time-dependent process
and can continue for long periods. Although most discussion on this behavior is on expansion or
swell, the underlying mechanisms can, in some cases, be reversed and cause
contraction/shrinkage as well.

According to International Society of Rock Mechanics (ISRM) swelling is described as (ISRM,
1983a):

“... a combination of physico-chemical reaction[s] involving water and stress-relief. The
physico-chemical reaction[s] with water is usually the major contributor to swelling but it
can only take place simultaneously with or following, stress relief.”

While this can be an accurate statement, swelling of clay minerals can be more complex and can
be a response to changes in one of several external factors?. For the case of a tunnel excavation
or in drilling a borehole, the stress-change clearly precedes the reaction with an external fluid
(water). However, the relationship is not obvious as for example in foundation heave, where a
simple change in the effective moisture of the underlying clay or mudstone (due to a change in
surface evaporation) can produce substantial expansion and foundation distress®.

Conceptually, the underlying mechanisms of this volume change behavior can be due to one of
three fundamental causes: (1) an alteration (chemical reaction) of a mineral in the rock mass,
which transforms into another mineral form, resulting in a volume increase; (2) a capillary and
pore response of the microfabric which can induce expansion; and (3) a physiochemical reaction
of clay minerals that expand the rock fabric. The latter cause is often understood as, “swelling
rock”, but all three causes of swell are briefly discussed in this section.

1 Note that there can be other causes for tunnel failures and borehole collapse in mudstones, such as failure of the
rock under the changed stress conditions, loss of internal strength (squeezing rock) or the creep of the
surrounding rock mass into the excavated space (e.g., Einstein, 1996; Lindner, 1976). The focus in this context
is only on the effects of volume expansion of the rock.

2 Changes in external fluids or temperature can induce response as well.

3 Note that the foundation geomaterials are in unstable state due to prior stress history.
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2.1.2 Swell due to Chemical Alteration - Mineral Alteration Swell

Components within mudstones and clays can undergo alterations by hydration, oxidation and
carbonation, causing expansion under specific conditions. One major example of this process is
the oxidation of sulfide minerals. Sulfide minerals can be present in mudstone as part of the rock
matrix or as separate layers, lens, nodules or stringers within the mudstone fabric (e.g.,
Anderson, 2008). Sulfides are easily oxidized when exposed to the atmosphere or to water. The
transformation can result in a substantial volume increase, but the amount of swell and the swell
rate varies with a number of factors.

In more detail, sulfide minerals, such as pyrite and marcasite (differing forms of iron disulfide),
can potentially oxidize to ferric sulfate and sulfuric acid; sulfuric acid can then react with calcite,
transforming it into gypsum (Dubbé et al., 1984; Maher et al., 2011). The amount of volumetric
swell resulting from this overall process, however, is determined by the morphologies of the
resulting gypsum crystalline structure (Dubbé et al., 1984). The process also may be strongly
influenced (catalyzed) by the presence of oxidizing bacteria and can be notably time dependent
(i.e., swelling can occur for years). In addition, it is observed that the process will not occur if the
rock is fully submerged, (i.e., oxygen must be available for the process to proceed), and can be
triggered by lowering of the water table near surface (Dubbé et al., 1984).

Another expansive chemical alteration involves the hydration of anhydrite (or anhydrous calcium
sulfate, CaSO4) to gypsum (CaSOa4-2H20). However, the transformation process of anhydrite can
be impacted by the structure of anhydrite itself within the rock mass, and in some configurations
(described as “maturity”), the process can be significantly slowed, effectively making the
mineral inert (Rauh and Thuro, 2007). In studying anhydrite transformation, these authors show
experimentally that the amount of swelling strain significantly decreases with increasing grain
size of the anhydrite. As noted by Wagner (2013), shales and clays containing anhydrite can
expand up to 61% when exposed to water and can develop pressures up to 5 to 7 MPa. However,
swelling pressures in the tunneling applications can be expected to be less than 2.5 MPa (Steiner,
1993).

2.1.3 Swell Due to Capillary Forces and Pore Response — Mechanical Swell

Capillary stresses can be induced by decreasing the effective stress on a material containing a
network of small pores spaces, which are filled with fluids and gas. The initial response of the
material structure due to the unloading will resist the expansion until the time the material is
exposed to a fluid. Then, with the absorption of fluid, internal stresses are reduced, and the
material expands.

This response, sometimes called mechanical swell (Einstein, 1996; Taylor and Smith, 1986) or
capillary hydration (Roshan et al., 2015), can be described as the generation of negative excess
pore pressures due to the unloading of the rock fabric. Then, as fluid is available, the pore-water
menisci become enlarged, matric suction decreases, thereby allowing for expansion of the rock
fabric. It is a function of the overall microfabric and is generated by inter-particle capillary
forces. The forces will be controlled by the pore size and the type of fluid(s) present in the
connected pore space network. These forces will also be a function of the degree of saturation,
surface tension, and capillary radius (Wayllace, 2008). The features of capillary bonding which
leads to the generation of negative pressures are illustrated in Figure 1.




Review of the Effects of CO, on Very-Fine-Grained Sedimentary Rock/Shale - Part 11: Clay Mineral & Shale
Response To Hydration

While some authors consider this capillary effect to be minor (Wayllace, 2008; Snethen et al.,
1977), this process can be significant in specific circumstances with mudstones. The subsurface
effective stresses within mudrock that induce this form of swell can be significant due to
lithification processes. High horizontal stresses are measured in even near-surface mudrock rock
units (on the order of 10 to 20 MPa at depth of less than 30 m), which substantially exceed the
existing overburden stresses. The stress relief upon sampling of mudrocks can be substantial and
therefore mechanical swell is considered an important mechanism in studying shale swell. In
addition, subsequent drying of the samples* can increase these stresses, resulting in increased
swell upon wetting. Correspondingly, Santarelli and Carminati (1995) argue that swell due to
capillary hydration dominates observed expansive behavior of shale in the laboratory.

For this report, definition of mechanical swell is expanded to include the possible response of
non-interconnected (isolated) gas/fluid-filled pore spaces within the rock fabric to load changes
(a discussion on pore response is provided by Endres and Knight, 1997).° Conceptually, the
entrained gas and fluid inclusions will initially resist expansion due to unloading of the material,
but with hydration, the stress in the inclusions will equilibrate and allow expansion to occur. The
mechanism is also suggested to be time-dependent, as fluid flow through the rock matrix to/from
the pores will dissipate these stresses with time.

Mineral
Particle

‘/ Pore Fluid
_ Isolated Void

Cementation

/
Capillary
Action

Note: Interlocking of clay minerals may also be present. Cementation may be due to carbonate, silica, or
iron oxide content.

Figure 1: lllustration of microfabric involved in mechanical swell.

Another consideration in discussing mechanical swell is the cementation present in the
microfabric, which will resist deformation and increase strength. Therefore, swell will be less in
stronger mudrocks with a higher carbonate content.

4 Drying may be part of the testing procedure or due to dryout during storage prior to testing.

®  This mechanism is typically not discussed in the literature in regards to swell, but may be significant in shales
with a significant amount of isolated pores and a low permeability matrix.
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2.1.4 Physiochemical Reactions of Clay Minerals — Physiochemical Swell

2.1.41 General

Stress changes and external fluid availability can cause various physiochemical reactions of the
clay mineral structures within a shale. The amount of swell is a function of the amount of clay
minerals, the specific mineral type(s) and the structural configuration of the minerals within the
material. Various aspects of clay mineralogy and swell response are discussed extensively in the
literature (e.g., Gillott, 1968; Grim, 1968; Mitchell and Soga, 2005; Dixon and Weed, 1989,
Holtz et al., 2011; Farrokhrouz and Asef, 2013). The topic of clay mineral structure and related
swell mechanisms are briefly summarized here to provide a context in evaluating the effect of
CO2 on mudstones discussed in subsequent reports.

2.1.4.2 Clay Mineral Structure
The term clay minerals refers to (Guggenheim and Martin, 1995):

“... phyllosilicate minerals and to [other] minerals which impart plasticity to clay and
which harden upon drying or firing.”

This is an expanded version of an earlier definition by the Association Internationale pour
I'Etude des Argiles (International Association for the Study of Clays, or AIPEA) which defined
the minerals solely as phyllosilicates (Bailey, 1980). In discussing rock swell, the contribution of
“other” minerals which impart plasticity and contribute to swell are undefined at present, and
therefore, the discussion on clay minerals is limited to the set of hydrous silicates called
phyllosilicates (from the Greek, leaf). Given the general leaf- or plate-like structure of these
crystals, phyllosilicates are also termed layered silicates or sheet silicates.

The structure of phyllosilicates are characterized primarily by two major aspects. As discussed
by Mitchell and Soga (2005):

The different clay mineral groups are characterized by the stacking arrangement of sheets
(sometimes chains) of these units and the manner in which two successive two or three-
sheet layers are held together.

Fundamentally, there are two basic types of sheet structures of phyllosilicates: (1) tetrahedral
sheets; and (2) octahedral sheets®. If a tetrahedral sheet links with an octahedral sheet, a so-called
1:1 layer is formed. If an octahedral sheet is linked (sandwiched) between two tetrahedral sheets,
a 2:1 layer is formed. These two types of phyllosilicate groups are illustrated in Figure 2.

This sheet arrangement allows for the substitution of various ions within the layers and between
the layers, which generates a range of possible different configurations. The various
configurations can be classified by layer type and the layer charge. The AIPEA Nomenclature
Committee has classified planar phyllosilicates as shown in Table 1. However, given the nature
of these minerals, there are other possible configurations not in the table including non-planar
phyllosilicates (Guggenheim et al., 2006).

& The tetrahedral sheet cannot exist by itself but must be linked to an octahedral sheet.
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Kaolinite:
Tetrahedral Sheet
1:1 Layer
Octahedral Sheet
Tetrahedral Sheet
Octahedral Sheet
‘ Repeat

Tetrahedral Sheet

Montmorillonite:

Octahedral Sheet 2:1 Layer

Tetrahedral Sheet

Water Molecules & Interlayer
Cations Bond

Tetrahedral Sheet

Octahedral Sheet

Tetrahedral Sheet

Water Molecules &
Cations
‘ Repeat

Not to Scale

Source: Based on Skippervik (2014)
Figure 2: Examples of phyllosilicate layer types.

Simply, the way the layers are stacked and are bounded together by specific bounding and
metallic ions in a crystal lattice define different clay minerals (Holtz et al., 2011). Common
mineral terms identified in engineering literature include montmorillonite, illite, kaolinite,
halloysite, chlorite and vermiculite (highlighted in Table 1). The three most common clay
minerals species identified in geotechnical literature are montmorillonite, illite, and kaolinite
(e.g., Day, 2005).
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Table 1: Classification of Planar Hydrous Phyllosilicates

Mineral Group

(x = Net Layer Charge) **

Interlayer
Material

Species Examples €

Serpentine - Kaolin-

Lizardite, Kaolinite, Dickite,

(x~0) 1:1 None or H,O only Halloysite
Talc - Pyrophyllite Talc, Willemseite,
None .
(x~0) Pyrophyllite
Smectite Hydrated Exchangeable Montr.norlllonlte., Beidellite,
. Saponite, Hectorite,
(x~0.2t00.6) Cations .
Sauconite
Vermiculite Hydrated Exchangeable Dioctahedral, Vermiculite,
(x~0.6-t0 0.9) Cations Trioctahedral Vermiculite
True (Flexible) Mica Non-hydrate<l:l Annite, Lepidiolite,
(x~0.85t01.0) 2:1 Monovalent Cations Muscovite, Paragonite
) ) (> 50% Monovalent) ’
Interlayer Deficient Mica Non-hydrated Mono- or . . .
(x~ 0.6 to 0.85 Divalent Cations Illite, Galuconite, Brammallite
Brittle Mica Non-hycél:tti(e;:levalent Margarite, Clintonite,
~1.8t02.0 . Anandit
(x 02.0) (> 50% Divalent) nandite
Chlorite . Clinochlore, Chamosite,
(x is variable) Hydroxide Sheet Donbassite, Cookeite, Sudoite
1:1,2:1 Regularly Interstratified Dozyite
Variable ¢
(xis variable) Corrensite, Aliettite
2:1 Regularly Interstratified ! !

Hydrobiotite

Source: Based on Guggenheim et al. (2006)

Notes:

@ Non-planar phyllosilicates include modulated structures (such as Antigorite, Sepiolite, Palygorksite), spheroid
structures (e.g., Chrysotile), thread-like tube structures (e.g., Imogolite) and ring-shaped to disordered
structures (e.g., Allophane); see Table 3 of Guggenheim et al. (2006) for additional details.

b More-common mineral terms in geoengineering are highlighted in Blue (not in source). Also the Octahedral
Character column in original table not show here.

¢ Only a few examples of species are shown from source.

4 The groupis also termed a “Mixed Layer” by others (e.g., Wilson, 2013); other groups composed of irregularly

interstratified layers are not named, but are included under this term as well.
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Examining the clay mineral structure on a larger scale, the microfabric of mudrocks is not
uniform mass, but rather is formed by an aggregate of groups of phyllosilicates with other
minerals and voids (pores) together with internal fluids and gases. It is generally accepted that
phyllosilicates are primarily responsible for the observed expansion of clays and mudrocks.
However, while the orientation of clay mineral platelets within a single element/stack/particle
may be generally aligned, the various elements in the microfabric may or may not be’. Further,
given the electrostatic nature of the mineral platelets, typical arrangement/associations of the
various clay mineral elements may be identified (Mitchell and Soga, 2005) and the structure may
be dispersed or compact (aggregated). All of which makes for a highly variable system.

This variety of the possible configurations can result in a range of physical response, despite the
microfabric having the same overall amount and type of clay minerals. The aspects of the
arrangement of the microfabric (including the connectivity of pores or lack thereof) will directly
affect the interaction of material structure as well as the individual clay mineral elements with
changes in ionic fluids and applied loads that induce swell.

2.1.4.3 Swell Mechanisms

Given the electrostatic nature of clay minerals, the expansion or contraction of the clay unit
structure is the result of balancing electrostatic forces among crystalline surfaces, ions and H20.8
As observed by Terzaghi et al. (1996), this intrinsic behavior is determined by the mineralogy of
the solids, the chemistry of the pore water, and the degree of aggregation of the particles. The
chemistry of the pore water refers mainly to the type of exchangeable cations in the pore fluid
and the electrolyte concentration. Terzaghi et al. (1996) also notes that the increased swell
behavior is associated with very small and thin clay mineral particles, such as those of
montmorillonite.

The electrostatic forces can also be influenced by the organic content of the system (Johnson,
1952). Though little discussed, additional organic components can significantly alter the
response of the material.

As to the underlying mechanisms that causes clay mineral swell, there is no general consensus on
the most appropriate explanation for the clay mineral expansion (e.g., McBride, 1989). From a
survey of existing theoretical models in the literature, the volume expansion of argillaceous
materials may be due to one of the following mechanisms:

1. Absorption of ions into the sheet structures itself and changing the internal arrangements
and influencing sheet spacing®

The random orientation/arrangement of clay mineral elements within a domain has been labeled turbostratic
(Gillot, 1968).

The dipolar structure of water causes it to be electrostatically attracted to the surface of clay particles (Day,
2005)

A distinction is made in this discussion: absorption is defined here as the incorporation of the ion onto the
mineral layer versus adsorption where the ion is introduced into the general region of the layer. The term
sorption refers to both processes.

10
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2. Absorption of ions between layers, increasing the sheet separation, thereby expanding the
clay elements and microfabric

3. Adsorption on the outer layer of clay mineral particles, increasing mineral configuration
size and spacing

4. Adsorption of ions in the general region between layers causing expansion by osmotic
pressure

For the first process, the water molecules can integrate into the surface of the silicate sheet by
substitution in the sheet structure of hydrogen ions by H20 (isomorphic substitution), which will
change the electrostatic configuration. The substitution causes the sheet to sheet spacing to
expand, and is termed intra-sheet swell.

In the second process, the absorption of water or the intra-element swell of phyllosilicates, is
caused by the hydration of the exchangeable cations linking basal crystal surfaces (e.g., Roshan
et al., 2015). In this process, termed “intra-crystalline” swelling (Bock et al., 2010) or
“innercrystalline” swelling (Madsen and Vonmoos, 1989), the exchangeable cations hydrate
upon access to water and reorder themselves on a plane halfway between the clay layers in
various configurations. This leads to increased spacing between the layers and an expansion of
the element volume. For example, this process can double the spacing in montmorillonite
(Madsen and Vonmoos, 1989). The process is illustrated in Figure 3.

The third process is the hydration of the outer surface of clay particles (Bock et al., 2010). The
addition of the water molecules to outer surface of various mineral layers swells the overall
structure. It is dependent of the configuration and strength of electrostatic charge of the surface
of the clay mineral elements.

The fourth process involves the adsorption of water ions into the larger mineral volume adjacent
to the mineral layers (also termed osmotic swelling, or swelling due to double layer theory), and
results from concentration differences of dissolved ions within diffuse layers and the free bulk
water within the pore water (Roshan et al., 2015). Any physiochemical change within the double
diffusive layer (as by hydration) is accompanied by a change in the osmotic pressure, thereby
changing the volume of the system. This is a long-range interaction, which mostly depends on
ionic concentration, the type of exchangeable ions, pH of the pore water, as well as the clay
mineralogy.

In a specific instance of physiochemical swell, one or all of these sorption mechanisms may
contribute, depending on the mineral type. All of these sorption processes are controlled by the
amount of surface area of the clay layers which also varies with the clay mineral type (Wang et
al., 2015). The volume of adsorbed ions is strongly correlated with the surface area and the
source of high surface area comes from the microporous organic or clay fraction, thus the
anisotropy of the fabric may significantly impact the sorption and swelling capacity.

11
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Figure 3: Swell due to absorption of ions between layers in sodium montmorillonite.

The amount of volume change is also dependent on the specific ions present, as for example,
potassium ion containing clay units show a lower tendency to swell than those with sodium ions
(Hensen and Smit, 2002). In addition, all these processes can be theoretically reversed (to some
degree)*?, which would cause contraction of the overall structure.

10 While the individual theoretical processes may be reversed in some manner, say by heating, the measured

expansion/contraction behavior will change the geometry clay mineral system, making a full reversion to the
original configuration practically impossible; simply, the swell behavior of the system is stress path dependent.

12
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2.1.4.4 Clay Mineralogy Related to Clay Response

It has been observed that the type of clay minerals correlates with plasticity of the material?,
which in turn is related to the potential for swell. This relationship allows the general correlation
of clay mineral types to index properties for plasticity, as shown in Figure 4. The figure uses the
Atterberg index (limit) tests (e.g., Atterberg, 1911a), specifically the plasticity index (PI) and
liquid limit (LL), to measure material behavior.

Data points for the minerals from the kaolinite-serpentine group (i.e., halloysites and kaolinites)
and the chlorite group tend to have reduced plasticity values in the diagram (Casagrande
Plasticity Chart), with PI values less than 30, and LL less than 65 for these clays. As both the Pl
and LL have been shown to directly correlate with swell, the relationship in the diagram suggests
that these clay minerals would be less prone to swelling. In contrast, the minerals from the
smectite group (montmorillonite) and mica (illite) show increased PI values together with an
increased range of LL, and therefore, tend to be more prone to swelling. Often smectites are
identified as “swell-prone” clay minerals.
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Source: Modified from Holtz et al. (2011).
Figure 4: General relationship of some clay minerals to Atterberg limits.

In discussing the expansion of mudstones, it is critical to note that the fabric of mudstones (in
contrast to clays) have a compressed, developed structure due to increased loads due to burial

11 Plasticity is defined as the ability to sustain a coherent mass when deformed continuously under a finite force,
and to maintain the current structure after the force is removed.
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over time. The lithification process alters the microfabric by loading, temperature and
geochemical processes that can, for example, increase clay mineral element size. Lithification
can introduce and potentially add carbonates, iron oxides and silica to the material matrix,
introducing cementation of the fabric (which resists expansion). Therefore, while the
fundamental theoretical concepts of clay mineral expansion are the same for both clay and
mudstones, the two materials can be expected to differ in specific response. Simply, a mudstone
should not be treated as some alternate form of a clay soil, and methods used for identifying and
classifying expansive soil are not always appropriate for swelling rock.

2.1.5 Summary

In review of the mechanisms that induce expansion in clays and shales, the following is noted:

e The expansion of shales can be due to: (1) an alteration/reaction of some mineral in the
rock mass; (2) the result of reduction in capillary pressures upon wetting, causing a
mechanical response; and (3) physiochemical reactions of clay minerals that expand the
rock matrix due to sorption. The mechanisms can occur simultaneously.

e |t can be understood that all clay minerals will swell upon hydration and stress change.
However, there is a large range in this behavior depending on the fabric, and expansion
can range from the negligible (in an engineering sense) to very pronounced, causing
extensive damage.

e Mechanical swell is dominated by capillary forces, but it is also affected by cementation
and material structure, and may be influenced by isolated pore response.

e Clay mineral swell is understood to be dominated by phyllosilicates, also termed sheet
silicates. A number of different configurations/species exist of sheet silicates (Table 1).

e The intrinsic behavior of phyllosilicates is determined by the mineralogy of the solids, the
chemistry of the pore water, and the degree of aggregation of the particles.

e While a number of possible sorption mechanisms can be proposed for physiochemical
swell of clay minerals, there is no consensus on the actual mechanisms that apply. The
applicable mechanisms will also vary with mineral species.

e In addition to the mineral type, the microfabric of mudstones will also control the amount
of potential swell.

e Specific clay minerals can be related to index properties describing the plasticity of the
material, which in turn, are related to the potential for expansion.

e The three most common clay mineral species identified in geotechnical literature are
montmorillonite, illite, and kaolinite.

e Asan observation, it can be surmised that the physiochemical reactions of clay minerals
inducing swell due to sorption of H20 will also apply to some degree to the sorption of
COa2. The swell behavior of CO2 may also include mechanical swell. However, the
mineral alteration involving the hydration of mudstones is not expected to directly apply
to COz-brine-shale systems and is not discussed further in this report series.
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3. LABORATORY TESTING

3.1 CURRENT METHODS USED TO ASSESS ROCK SWELL

A number of test methods have been applied to evaluate rock units for potential expansion or
swell. Many of these methods are derived from the testing clay soils, such as using an oedometer
or consolidometer (e.g., Day, 2005). Related standard test methods for swell have been
developed under the auspices of the ISRM and ASTM International*? (ASTM). The following is
a brief discussion of the most common methods with some citations to provide a background
context.

3.1.1 Atterberg Index Testing

The correlation between rock swell and index testing with clays has been investigated by a
number of authors. The concept of index testing is to employ a generally simple test(s) which
can be correlated with aspects of response that would otherwise require more sophisticated
methods. Most notably, Atterberg Limit determinations® have been extensively used for index
correlations, and in particular, the plastic limit (PL) and liquid limit (LL) tests (e.g., van der
Merwe, 1975; Huang et al., 1986; Olsen et al., 2000). These tests involve remolding the sample,
and changing the moisture content until a desired behavior is obtained; the test values (moisture
contents) are expressed as a percentage of the weight of the oven-dried material. The LL is used
to evaluate the material at the boundary between liquid and plastic states, a state with little shear
strength. The PL is to determine the moisture content at the boundary of plastic and semi-solid
states, as evidenced where the material can still be rolled to a prescribed diameter. A third
Atterberg limit, the shrinkage limit (SL), is also sometimes used; it is the moisture content at
which a further loss in moisture will not result in further volume reduction. These limits are then
correlated with more sophisticated test results for swell pressure or deformation.

In addition, derived indices from these limits have been used in correlations, including the PI,
which is the difference between LL and PL, and the clay activity (A), which is the PI divided by
the percent of clay-sized particles of the sample. Test methods to determine the LL and PL are
detailed in ASTM D4318; a test method for SL is presented in ASTM D4943.

The advantages of using index tests are economy and amount of data; the tests are quick and
simple so a number of tests can be quickly conducted at relatively little cost across a site and at
depth. The tests do provide information on some of the basic parameters influencing rock swell.
However, the use of these index tests ignores the rock fabric; the overall deaggregation process
for index testing of rock destroys the innate microfabric of a specimen and also excludes any
consideration of the macrofabric at a site. For example, the cementation of the rock matrix that
could restrict swell is completely destroyed in these tests. Limitations also include the aspects of

12 Formerly, the American Society for Testing and Materials.

13 Six limits were defined by Atterberg (1911a,b), but only three are in use, as noted by Day (2005): plastic limit,
liquid limit, and shrinkage limit.
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sample preparation. Testing with various shale samples indicates that the deaggregation process
itself can influence the index values obtained, as demonstrated by Eid (2006).

This destruction of the fabric limits the direct use of these methods to identify shale swell. While
Atterberg index tests may prove useful in assessing the potential for response of a weekly
lithified and uncemented shale (i.e., soil-like shale), the tests can be entirely misleading in
assessing swell potential of more developed rock units having a stronger fabric.

3.1.2 Slake Durability

To assess the resistance of the rock fabric to hydration, a slake durability test is typically used.
Essentially, several rock pieces are dried, weighed, placed in a drum, submerged and then rotated
for a specific period of times in a water bath (see Figure 5). The pieces retained in the drum at
the end of the cycle are then dried again and the new total weight of the pieces is recorded. The
ratio of the final weight to the original weight is used as an index to the resistance to
slaking/disintegration. The process may be repeated several times (cycles), summing the weight
loss from all cycles. The standard test method proposed by the ISRM for determination of the
slake-durability index is evaluated after two drying and wetting cycles (ISRM, 1979). Other
authors have suggested additional cycles.
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Figure 5: Slake durability test apparatus.

The method provides an assessment of the rock durability to wetting and drying (considered a
surrogate to surface exposure) as well as a general estimate of the strength of the rock fabric

% The work demonstrated that ASTM standard methods of deaggregation can significantly underestimate (on the

order of 10%) the clay-size fraction and liquid limit in contrast to alternate methods, especially for shales with
intermediate plasticity (Eid, 2006). However, the PL was found to be relatively insensitive to the sample
preparation procedure.
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(which may be pivotal in some civil engineering applications). Testing by Morgenstern and
Eigenbrod (1974) found a correlation between slaking of clay shales and LL. However, most
experimenters have found little apparent correlation between the durability of a rock and its swell
potential behavior (e.g., Hopkins and Dean, 1984).%° Drying the rock changes the fabric of the
clay minerals, will induce negative pore pressures, and can induce microcracks. As discussed
earlier, swell is a function of the original water content and the hydration path, which are not
assessed in this test. Also, any swelling of the rock in the water bath will also tend to separate
and destroy the samples, resulting in low slaking indices. Despite these limitations, some authors
have used slake durability (together with other parameters) to assess swell (e.g., Shakoor and
Sarman, 1992).

3.1.3 Free Swell Test (Also: Reactivity Test)

As suggested by the test title, for a free swell test, a rock sample is immersed in a fluid and
allowed to deform/expand without a significant applied load *6. Before testing, the rock sample
(cylindrical or cubic) is prepared and heated to determine the dry density, and typically mounted
with metal monitoring point. For a uniaxial test, the sample is subsequently instrumented to
measure expansion along the vertical axis (often using a dial gauge), and immersed unconfined
in a water/fluid. Displacement (expansion) is recorded with time until it reaches an asymptotic
value. The measured orientation of the expansion is typically recoded perpendicular to the
bedding plane.

A three-dimensional (3-D, or triaxial) free swell test has also been developed as illustrated in
Figure 6. The sample is fashioned into a rectangular cuboid (box), and expansion is measured
laterally along three axes with two lateral measurements in addition to the axial measurement as
in the uniaxial free swell test.

The uniaxial and triaxial free swell tests are discussed by various authors (e.g., Duncan, 1969,
Lama and Vutukuri, 1978; Franklin and Dusseault, 1989; Santos et al., 1997; Madsen, 1999;
Rowe, 2001; Skippervik, 2014) and a standard test method has been proposed by the ISRM
(ISRM, 1979).

In review, one major drawback of the test method is that the sample can fail or disintegrate
during the test due to deformation, invalidating results, as identified by Pimentel (2015). In
addition, for the uniaxial version of the test, only one axis of deformation is monitored, while the
rock can be expected to deform differently perpendicular and parallel to bedding. Another
concern is the fluid used for hydration, typically distilled water, which may not induce response
representative of in situ behavior. As a theoretical limitation, the results of the test only provide
an estimate of the potential for swell of the rock rather than an assessment of the field response.
The specimen does not experience a representative field stress, and therefore the displacement is
maximized, rather than reflecting field response. It is also inferred that the aspects of sample

5 Some authors report a good correlation between slaking and certain clay minerals that contribute to swell (i.e.,

mixed-layer illite-smectite and montmorillonite), e.g., Dick and Shakoor (1992).

8 In some applications, a small “seating” load (on the order of 10 kPa) is applied to ensure good contact between

the measurement instrument and rock.
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disturbance such as drying and the existence of microcracks may also be overlooked in preparing
the sample, which can affect apparent swell response.

Source: Lama and Vutukuri (1978)

Figure 6: Sketch of the 3-D (triaxial) free swell test apparatus.

3.1.4 Oedometer Test (Ring Test; Semi-Confined Swell):

This swell test uses a short cylindrical specimen which is constrained to swell in only one
direction by preventing lateral deformation. The sample is fitted into in a metal ring, axially
loaded, and then saturated in water and allowed to swell. Deformations and/or loads are then
monitored. The test has been used by a number of researchers for swell testing (e.g., Madsen and
VVonmoos, 1985; Franklin and Dusseault, 1989; Madsen, 1999; Rowe, 2001; Ferrari and Laloui,
2013; Bryan et al., 2013; Pimentel, 2015). A test procedure for this approach has been proposed
by the ISRM for testing rock (ISRM, 1979), and by the ASTM for testing soils (ASTM D4546).

This test employs an oedometer, a device developed by soil mechanics for consolidation testing
to simulate one-dimensional (1-D) deformation and drainage conditions (Figure 7). For swell
tests, the axial load applied to the specimen in a number of fashions, providing flexibility to the
experimenter. The load applied can be minimal, representing a free swell test. The load can also
can be maintained at a constant value to represent in situ conditions. Further, the load can be
controlled to maintain zero axial deformation (a “zero-volume-change” test) (e.g., ISRM, 1979).
Conversely, the high axial load can be first applied and then reduced in stages, pausing after each
stage to allow the deformation rate to decrease sufficiently (to essentially stop) at the selected
stage to describe a pressure-deformation curve.

While a more flexible approach than the free swell test, the use of the oedometer still has a
number of limitations in material testing. Preparing the sample to fit within the apparatus can be
time-consuming and may subject the sample to some disturbance, especially for stronger rock
units. It is also problematic to get a tight lateral fit during preparation for soft rock, leaving gaps
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along the periphery and creating a non-uniform boundary condition. Testing at a minimal applied
stress or using high applied loads provides only an assessment of swell potential. Using a
representative vertical load in the cell does not replicate in situ conditions, as the lateral stress in
the field can be substantially larger than the vertical stress. Also, the application of too large a
vertical load can damage the sample as noted by Pimentel (2015). The test is also subject to the
same concerns of sample disturbance noted for free swell tests.
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Fig. 1. Apparatus for measuring the axial swelling stress: (1) stain-
less-steel ring, (2) porous metal plates, (3) stainless-steel loading
plate, (4) container, (5) dial gages (attached to the bottom of con-
tainer (4), attachment not shown), (6) load measuring device, (7)
rigid frame and (8) loading piston, (9) stainless steel plate.

Source: Madsen (1999)
Figure 7: Oedometer swell test.

3.1.5 Uniaxial Swell Test

The standard uniaxial compression test (e.g., Hawkes and Mellor, 1970; Aker et al., 2013) is
often used for strength testing of rock, and has been used to measure swell under a constant
applied load (Zhang et al., 2010). In this application, the axial load is applied to the sample and
then saturated by immersing the sample in water/fluid (as illustrated in Figure 8). Axial and
lateral deformations are then monitored.’

17 In addition, the strength value from a uniaxial strength test is also used in engineering classification of shales

for swell.
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Similar to the oedometer test, the axial applied load to the sample can be maintained as a
constant or decreased in stages. However, in contrast to the oedometer test, lateral expansion can
occur during the test, and this deformation can therefore be monitored. For reference, a standard
test procedure has been proposed by the ISRM for general uniaxial testing with deformation
monitoring (ISRM, 1999).

In review, this test experiences the same concerns as the free swell test and oedometer-based
testing. Sample failure will occur if the applied load is too large, and the sample can fail if the
applied load is small and sample expands significantly. Typically, samples are dimensioned to
have a 2:1 height to diameter ratio, which requires a larger sample than the prior tests. The test
may also require a more-sophisticated test instrumentation as well. Further, the test has not been
extensively used in this type of application.
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Figure 8: Schemastic of uniaxial swell test.

3.1.6 Triaxial Swell Test

Similar to the uniaxial test, the standard triaxial compression test (e.g., ISRM, 1983b) has also
been adapted to measure swell (e.g., Barla, 1999; Santos et al., 1997; Bilir et al., 2004). The
triaxial system configuration applies both a lateral and axial load to the sample, permitting more
active control of the stress conditions with a cylindrical specimen, a shape typically obtained
during in situ sampling (Figure 9).8

For swell testing, the sample is first placed in the cell, surrounded by a membrane to isolate the
sample from the confining fluid. With one approach, loading is then applied incrementally to
rock sample, while concurrently de-airing the pore pressure system using a nonreactive fluid

18 The system is not a true polyaxial (“triaxial) device as the lateral load is the same in two directions. It is also
noted that some experimenters have modified the standard oedometer to apply a lateral load similar to the
standard triaxial apparatus (e.g., Dobrowolsky and Vrettos, 2005).
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(Santos et al., 1997). Upon reaching the desired deviatoric and confining stress conditions, the
sample is exposed to the pore fluid, and deformations are monitored with time. Alternatively, the
sample can be loaded (without a fluid) and then the system de-aired using the pore fluid at
pressure (a process termed, dry setting, by Barla, 1999). Deformations are then monitored upon
introduction of the pore fluid. Typically, samples are dimensioned to have a 2:1 height to
diameter ratio to minimize end effects.

Triaxial System: Independent Pore,
Confining and Axial Pressure
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Figure 9: Triaxial system with neutron and X-ray tomography capability.

As in the oedometer test, the applied load can be maintained as a constant or adjusted in stages.
The confining pressure is typically maintained to provide a constant stress boundary for a
specific stress change. While possible, a zero-volume-change test is typically not performed with
this apparatus due to the need to constantly adjust both axial and lateral loads to maintain the
volume.

During the test, the pore fluid pressure can also be maintained or altered to provide a specific
fluid pressure history on the sample. Recent innovations to the test approach allow the study of
sample fabric and the flow of fluids through the sample (including fractures) using neutron and
X-ray tomography (Carey et al., 2015), as illustrated in Figure 9. Monitoring of the sample can
include sonic velocity measurements.

In review, the triaxial test, while providing a more-controlled environment to study behavior,
requires more setup time and effort. The method also requires more-sophisticated testing
equipment and monitoring instrumentation than the test methods discussed earlier. Test concerns
for triaxial testing are as mentioned for other tests, but also include the increased cost of each
test. The test however, does allow the user to apply a stress state similar to that in situ and
thereby provide a more realistic environment for studying swell potential. Also, authors have
used the system for fracture flow testing, allowing investigations of the effect of gas transport
(e.g., CO2) on fractures. Temperature control is also an option with this type of system (e.g.,
Yukutake and Shimadaj, 1995). Issues on sample disturbance apply to this system as discussed
earlier.
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3.1.7 Hollow Cylinder Test (Biaxial Test; Borehole Collapse)

Confined testing using a hollow cylinder configuration has been performed in recent years to
determine the mechanical response of rock (e.g., Chen et al., 1998; Talesnick and Ringel, 1999).
The test configuration is a more-representative simulation of conditions near a borehole by
providing a central hole for loading the sample, as illustrated in Figure 10. It also permits the
application of different stress conditions than in a standard triaxial test, either by varying the
pressure in the inner hollow or by applying a torsional shearing load to the top and base of the
sample (as shown by Talesnick and Ringel, 1999). The hollow cylinder method has also been
used to measure shale swell (e.g., Sherwood and Bailey, 1994; Monfared et al., 2011).

In studying swell expansion and pressure, the test allows faster and more complete saturation of
the rock matrix then either a uniaxial or triaxial test due to the reduced dimension of intact rock
and by the introduction of fluid in the central hollow. Stress conditions are applied axially (by a
loading ram), laterally by the external pressure in the pressure cell and internally by the fluid in
the central hollow, allowing for several differing load configurations.

The disadvantages of the approach are the increased handling and preparation of the sample to
drill the central hole (which can damage the sample), the need for a larger sample size to
accommodate the configuration, and the requirement for more-sophisticated testing equipment
and instrumentation?®. As for other tests, issues on sample disturbance apply, especially in light
of increase preparation efforts.
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Figure 10: Example of hollow cylinder test configuration.

19 Instrumentation is to apply differing loads and to measure response in the central hole.
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3.1.8 Other Test Methods

Other methods that have been applied in studying the behavior of shale including non-destructive
petrophysical methods, such as X-ray diffraction analysis and X-ray fluorescence analysis (for
quantitative mineralogy), cation exchange capacity (CEC, for clay chemical reactivity), mercury
injection capillary pressure (for porosity and pore throat distribution), together with imaging
techniques including scanning electron microscopy and X-ray computed tomography, and the
measurement of dielectric properties and ultrasonic wave velocity measurements?, as discussed
by Josh et al. (2012).

Other index testing has been employed to study shale response including: (a) indentation testing;
(b) abrasion (scratch) testing; and (c) fluid penetration testing as reported by Guo et al. (2015). A
hollow cylinder test system with circulating drill fluid (wellbore stimulator) has been constructed
by Guo et al. (2015) to evaluate effects under downhole pressure at 3,000 m (10,000 ft) deep and
temperatures up to 135 °C 2%, Triaxial core-flooding experiments with CO: are also being
performed (Sun et al., 2015).

To examine the effect of CO2 on the microfabric of shale, specialized oedometers have been
constructed to incorporate neutron beam scattering technology to observe shale response to
scCOz2 (Bryan et al., 2013). The test cell is shown in Figure 11, and incorporates two portals
through the cell wall to observe response with the neutron beam.

Several more-novel testing approaches have directly involved CO2. Acoustic monitoring has
been conducted to study fracturing induced by liquid CO2 and scCOz2 injection under pressure.
Testing of fracture response of granite was conducted using a triaxial cell and cubic specimens??
with a central hole for injection (Ishida et al., 2012). The recorded acoustic emissions sources
with COz2 injection tracked the fracture formation and were distributed across a larger area and
were more distributed than with water injection.

An experimental investigation of the effect of CO2 injection on the electrical conductivity of
water bearing porous media was performed to develop methods to monitor CO2 during
sequestration (Borner et al., 2013). Results of lab testing with a fine to medium grained quartz
sand medium indicated a decrease in electrical conductivity by a factor of up to 33 for CO2
displacing pore water at pressures up to 13 MPa and temperatures up to 40 °C.?3

Another experimental program investigated the electrical properties of shales during drying
across frequency range of 5 Hz to 1.3 GHz as report by Adisoemarta (1999). Samples from
Pierre and Wellington shales were prepared, dried, rehydrated, de-aired and then allowed to dry
while measuring electrical properties using both the parallel plate and open-ended coaxial probe

20 pand S wave velocities can be related to desiccation of shale, as demonstrated by Ghorbani et al. (2009).

2L Initial tests with shale sandstone and limestone were conducted, but results were not reported in this report.
Authors did not provide maximum pressure value of system.

22 External loads were applied with flat jacks and the central cavity was pressurized with a special packer.

2 Liquid and supercritical CO;, alone exhibit no relevant conductivity at pressures up to 13 MPa and at
temperatures up to 50 °C.
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techniques. The study indicated that effects on moisture decrease on the shale are most evident at
lower frequencies, and it was determined that shale will generate a direct electrical current under
stress.

In review, these test methods are promising and provide further insight into shale response, but
have not yet demonstrated a correlation to swell response.
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Figure 11: Stainless steel/aluminum oedometer using small angle neutron beam scattering to observe caprock
swell with supercritical CO..

3.2 SAMPLE DISTURBANCE AND SAMPLE STORAGE

As a basis to predict field response, “undisturbed” samples are required to be used in the
laboratory. The term, undisturbed, can suggest that such samples are in the same condition as in
situ, but this is a false notion, as no rock sample is completely unaltered?*. Rather, the term is
used to describe samples which are to some extent altered, but are still sufficiently representative

of in situ conditions so that the data obtained from them can be directly used in design without
question.

Unfortunately, the assumption of an undisturbed sample is used too generously in experimental
work as a number of factors can affect a shale response. In addition to sample disturbance

24 Rock core is damaged (to some degree) by several processes before it reaches the surface: 1) by the drilling

process itself, which can induce microcracking and core breaks; 2) by the invasion of drilling fluids into the
core; 3) by the loss of in situ gases and fluids; and 4) by depressurization from in situ pressure to the drilling
fluid pressure.
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downhole, the simple process of bringing the sample to the surface itself depressurizes the core,
which can alter the sample fabric. Further, the sample is typically extensively handled at the
surface and re-aligned, placed in core boxes, and transported to a laboratory, all of which can
also alter the sample condition, despite the robust appearance of the core. Perhaps not as obvious,
the sample environment and sample storage containers are also of major significance to sample
disturbance with respect to the response of clay minerals. The moisture content of shale is readily
altered when exposed to the atmosphere, and studies have shown shales must be preserved at
their native water content if accurate physical measurements are to be made.

Ewy (2015) studied shale and claystone response to quantify the impact on shales and claystones
response to exposure to air and different liquids. He noted that loss of water in a shale, if
significant, can cause shrinkage cracks and compromise subsequent testing. In addition, exposure
to water will reduce negative pore pressures in the sample, allowing the sample to expand and
change structure. The author strongly recommended two requirements to maintain an
undisturbed sample: (1) the exposure to air be minimized; and (2) the contact with water or brine
must be prevented (unless introduced under stress during testing).

Testing by Chenevert and Amanullah (2001) has shown that swelling response differs between
disturbed and undisturbed rock samples. Shale samples from depths of approximately 1,370 m
below the North Sea indicated that swell of restored samples (i.e., samples disturbed by
hydration or dehydration) versus preserved (undisturbed) samples differ significantly, indicating
some irreversible change to the shale matrix. Disturbed samples also tended to experience
excessive swelling compared to cores kept at their native water content. In this case, undisturbed
samples were drilled with a palm-oil ester-type mud and an immediately sealed in tubes (with
synthetic oil) after reaching the surface to limit moisture content changes.

Testing by Santos et al. (1996) indicated that the original shale water content apparently plays an
important role when samples are exposed to water, and that sample response is directly affected
by moisture loss. Some samples were observed to crumble upon drying. The authors also found
that sealing samples in paraffin may not be sufficient to prevent moisture loss of samples and
recommended the immersion of samples in a mineral oil immediately upon retrieval and
thereafter, and whenever possible during sample preparation to prevent moisture content change.
The oil apparently did not affect response.

Recent developments in drilling now permit core sampling that retains core fluid at the time of
sampling. Some of these systems also maintain the sample pressure at depth (pressurized core
sampling or pressure coring), while others allow the pressure to dissipate (pseudo-pressure
systems) (e.g., Kuhlman et al., 2015). These types of sampling can be performed during drilling
operations (either direct or wireline methods) or after hole completion, using sidewall drilling
systems (e.g., Halliburton, 2014). In either case, use of these new systems isolate the core from
the drilling fluid, reducing fluid invasion. Further, the pressurized systems can significantly limit
stress-disturbance factors (such as microcracking). Obviously, the use of these methods will
incur additional cost, and may require special handling operations at the surface, but they
significantly limit core damage and provide a more representative sample. In addition, ancillary
methods have also been developed to maintain the core pressure until the start of laboratory
testing, further restricting damage (Priest et al., 2015).
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3.3 CURRENT TEST LIMITATIONS AND RECOMMENDATIONS

3.3.1 Observations

A variety of test methods have been employed for characterizing the behavior of mudstones
when hydrated, i.e., for rock swell. The tests provide a range of controls in examining rock
response and provide insights into swell mechanisms. However, each of these tests has
limitations in implementation, and the test method itself can affect the observed swell behavior.
In utilizing a specific test, it is fundamental to understand the key assumptions and limitations
underlying the selected test method to correctly interpret data. None of the existing test methods
alone is adequate to fully characterize swell in the field, but rather, it takes a comprehensive test
program to predict field response. There is substantial room for improvement in existing
technology and for developing new methods for testing in this area.

As discussed, there are various issues with the listed test methods. The more novel methods
available to characterize shale have not been systematically applied to the study of shale
response, especially swell. In addition to the equipment, test methodology has seen little
progress, especially for advanced systems. Temperature control can also be a significant issue in
swell, but is seldom discussed in the literature. Consideration of a comprehensive test approach
to characterizing the swell of a rock unit is also absent.

It is also important to know the extent of damage (sample disturbance) of the samples used in
such tests. Aside from index testing, most tests are to be conducted samples that are assumed to
be “undisturbed,” and that the fluids introduced during the test are to be representative of in situ
conditions (simulating the pore fluid). Unfortunately in many cases, prior to testing, the samples
are not stored properly and allowed to significantly dry out, which can disturb the shale structure.
In addition, some experimenters in the past have used denatured water, which can also
significantly alter response due the differing electrolyte balance between the water and the
sample fluid. There are also concerns about replicating in situ pressure/temperature conditions,
an issue that cannot be addressed in simpler laboratory tests.

3.3.2 Recommendations

On test implementation - Of the tests listed, the hollow cylinder test system appears to hold
major promise but has not seen extensive use. It is recommended that this test system concept be
further developed and issues such as swell and borehole stability be investigated with large
samples. Consideration should be also be given to the use of true-triaxial (polyaxial loading)
systems in light of the anisotropy of swell. Other nondestructive measurement systems should be
further investigated and developed as possible methods to monitor swell response. Temperature-
control and recording should also be included in future test systems to allow for the study of
temperature-dependence in swell.

On sample disturbance - It is recommended that a test program be conducted to characterize the
effects of depressurization on the geomechanical properties and the swell response of shales.
This would require special sampling methods as well as the use of special equipment and test
cells that preserve the sample stress state from sampling to testing. This testing would be
conducted at representative stress conditions in the lab, and the obtained response should be
compared to field response, i.e. the measured borehole closure in the field with time.
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On a related topics - It is also recommended that the development of microcracks in shales be
studied during de-pressurization from in situ pressures. This testing can be conducted using
X-ray scanning and other techniques to understand basic fabric changes. A final recommendation
for testing is the requirement for the careful characterization of test samples to be included as
part of all standard tests and test methods.
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4. EXPERIMENTAL EVIDENCE ON SWELLING DUE TO HYDRATION

41 SWELL POTENTIAL VERSUS ACTUAL SWELL

As a basis to a review of the swell response of shale to COz, the extensive literature on shale and
clay swell response to water solutions is first summarized in the following subsections. There
have been numerous efforts to correlate the expansive response of various clays and shales upon
hydration. These studies have examined the response of clay minerals alone, compacted
(artificial) soils, natural clay samples, and intact mudstone samples.

Some simple and complex relationships have been proposed to correlate swell with various index
property values and tests. The intent in reviewing these studies here is not to identify an optimal
numerical relationship or best fit of parameters to predict swell, but rather, it is to identify the
key factors important to the swell potential of mudstones upon hydration. These key factors will
provide an increased understanding of shale response, which can then be extended into the
examination of direct testing data of CO: effects on shale.

Prior to discussing efforts to correlate laboratory tests with the swell, it is important to clarify
what these correlations actually represent. The numerical correlations in the literature provide an
assessment of the swell potential of the material (i.e., the amount of swell that results from a
specific test method) rather than a prediction of the actual amount of swell that can occur in the
field. As mentioned by Seed et al. (1962), the actual amount of swell experienced in a specific
case is a function of the factors describing the particular conditions involved, both intrinsic and
external. As an example, Seed et al. (1962) cites a laboratory sample compacted of 20% water
content that experiences significant expansion/swell, whereas, the same soil material exhibits
little if any expansion compacted at a water content of 27%. Therefore, the material may have
the potential for expansion, but under specific conditions, the potential is not realized.

Seed et al. (1962) identifies a number of parameters important to swell for his testing, dividing
them into two groups: (1) intrinsic factors (internal to the material) and (2) controlled or
environmental factors. The second group is important to dictating the amount of swell while the
first group identifies the nature of the soil particles and the general potential for swell (see Table
2). This table provides a list of factors originally developed for compacted soils and will be
revisited to identify factors related to shale after examining the range of correlations.

4.2 CORRELATION STUDIES - HYDRATION OF CLAYS AND SHALES

4.2.1 Swell of Clay Minerals and Clays Due to Hydration

In discussing the swell of clay minerals and clay soils, many factors that occur in a shale fabric
due to lithification are not considered. Simply, a shale is not clay. But these studies of clays can
indicate important factors that should be considered in evaluating mudstone response.

4.2.1.1 Clay Mineral Response

There have been a number of studies on clay mineral swell demonstrating that clay minerals
swell correlates with water content and applied load. More recent correlation studies include the
following.
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Thakur and Singh (2005) studied powered samples of montmorillonite and bentonite minerals
and correlated the sample pore pressure determined by capillarity (suction) with the measured
swelling pressure. The powered samples were mixed with highly purified water?®, and
compacted in an oedometer. The samples were then hydrated to assess vertical swell. After
reaching a maximum swell value, the samples were then loaded in stages until the initial vertical
deformation value before hydration was restored. Swell response was time-dependent and
samples took approximately 2,000 min (over 30 hrs) to achieve final swell values.

Table 2: Factors Influencing the Swelling of Compacted Clay Soils from Seed et al. (1962)

Group Parameters Effects
1: Intrinsic Factors 1. Type of Clay Minerals in Soil e Determine the Swell Potential
2. Amount of Clay in Soil e Depend on Nature of Soil
Particles

e Can be Determined by
Laboratory Classification Test

Structure of Soil e Determine the Extent to which
Dry Density of Soil Swelling Potential is Realized
(Amount of Swell)

2. Controlled/Environmental
Factors

Water Content at Compaction
Method of Compaction * Depend on Compaction
Availability of Water

Electrolyte Concentration in
Water

e Depend on Environmental
Conditions

o Uk wN R

e Cannot be Determined by

Laboratory Classification Tests
7. Surcharge Pressure

Source: Modified from Seed et al. (1962)

The correlation between the suction and swell pressure tended to increase nonlinearly, with
pressure increasing with the log of sample suction. The suction also decreased linearly with
increasing initial molding water content of the sample.

Schanz and Tripathy (2009) studied divalent-rich Ca-Mg-bentonite using zero-volume-change
oedometer tests. The soil contained approximately 80% of montmorillonite. The samples were
recompacted into an oedometer, restrained in the cell to prevent vertical deformation and then
the sample was hydrated. Pressure was measured until reaching an asymptotic, final value. Swell
response was time-dependent and samples took on the order of 1,000 min (over 15 hrs) to
achieve a final swell pressure value; in addition, the time to the final value increased with sample

% Distilled water was subjected to a purification process involving successive steps of filtration and deionization
to achieve a purity characterized in terms of resistivity; the final fluid is termed “Millipore water” after the
Millipore Corporation which originally created the filters and filtration process.
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density. Comparison of experimental results with proposed theory provided a good correlation
for lower densities, exhibiting a general linear trend of gradual increase in swell pressure with
density, up to dry densities of 1,550 kg/m®. However, above sample densities of 1,550 kg/m?, a
distinct increase in the slope of swell pressure with increasing density occurred, which deviated
significantly from the theoretical prediction.

4.2.1.2 Compacted (Artificial) Soil Response

Studies with compacted samples have examined the effect of various parameters on swell. Some
of these studies are included here.

Seed et al. (1962) conducted a number of tests on clay soils, artificially prepared in the
laboratory. The samples were mixtures of sand and bentonite, illite, and kaolinite to establish a
wide variety of sample characteristics; testing was conducted to establish a relationship between
the percentage of clay size particles, together with a modified activity index parameter?®, with
the expansion of the material compacted at optimum water content and maximum density. The
relationship (shown in Figure 12) indicates a nonlinear trend of amount of expansion with
activity and clay size fraction (i.e., percent grain size finer than 0.002 mm).

In the relationship, there is a strong correlation of increasing expansion with increasing clay
activity especially at a clay percentages greater than 30%. This relationship is more gradual
below 30% clay percentage, and essentially is absent at material with less than 10%. In contrast,
expansion shows a strong relationship with clay fraction for activity values above values of 1.0,
and remains significant at an activity above 0.8.

In discussing the relationship further, the author also identified a strong relationship of swell
expansion to Pl alone, and identified an applicable equation as well. Also, pure bentonite
samples swelled more than pure illite samples which in turn swelled more than pure kaolinite
ones.

Nayak and Christensen (1971) tested artificial soil samples by mixing silica sand together with
kaolinite, grundite, and bentonite in various proportions in order to obtain a sufficient variation
in the clay content, consistency limits and moisture content. Sample P1 values ranged from 23%
to 110%, and the LL varied from 41% to 129%, and clay content from 23% to 59%. Samples
were mixed in distilled water, compacted to the desired density, and allowed to equilibrate;
thereafter, the samples were hydrated. For swell expansion testing, samples were allowed to
swell vertically under a nominal pressure (0.007 MPa), while for swell pressure tests, the
samples were restrained to zero vertical deformation and the vertical pressure measured.

Correlations were established for swell pressure and expansion with clay content, P, and the
initial water content. Comparison with others suggested similar correlation trends, except in the
range of higher PI1 for swelling potential and higher activity for swelling pressure.

% The parameters is a modified Activity factor (A’) is defined as A’ = % where P1 is the plasticity index, C is

the clay size percentage (fraction), and n is a correction factor, in percent. For artificial (compacted) soils, n is
taken to be: n = 10, while it is suggested that n = 5 for natural soils.
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Figure 12: Proposed relationship of clay content and activity to swell potential of compacted clay samples by
Seed et al. (1962).

Brackley (1975) tested recompacted samples of a montmorillonitic clay (a weathered norite) with
a Pl ~52andaLL ~ 85 in an oedometer. His earlier testing with this material indicated that
under no external load, sample response was controlled predominantly by the original moisture
content of the sample, and in contrast, swell pressures by restricting volume change, sample
response was a function of density. In this current effort, the author demonstrated that the
magnitude of swell under a specific load is dependent upon the original moisture content, the
original void ratio and the applied load. For the first two factors, relationships are generally
linear in trend. However, with the applied load, there is a linear relationship between the swell
deformation and the logarithm of load for the soil at a fixed original moisture content and void
ratio.

Muntohar (2006) conducted a multivariate statistical analysis of testing on recompacted soils and
other clays using 81 sample points taken from various authors. Muntohar (2006) identified a
correlation with swell expansion employing three parameters: 1) clay content (clay fraction);

2) LL; and 3) PI (Muntohar, 2006). Data values on water content and dry density were excluded
from the analyses by the author due to wide variability in these data. Also, statistical analyses
with one variable alone provided poorer curve fits for the data.
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Djedid and Ouadah (2013), after reviewing a number of correlations for swell, proposed a
correlation for the free swelling of consolidated artificial soil. The correlation is based on four
variables: 1) dry density; 2) clay fraction; 3) PI; and 4) A (activity). The database consisted of 35
free swell tests performed at different confining pressure (ranging from 0.1 to 0.5 MPa). The
authors examined various equations and noted that as the number of parameters increased, the
mean deviation decreased, thereby increasing the goodness of fit. They also concluded that it is
difficult to generalize this relationship to other types of samples.

4.2.1.3 Natural Clay Response

The U.S. Army (1983), looking at varying correlations, indicated that LL, P1, the surcharge
pressure on the soil stratum, the initial water content and the natural soil suction are potential
indicators for swelling soils. For field symptoms of swell, they identified desiccation cracks,
plasticity, slickensides, and texture as visual signs (U.S. Army, 1983). The U.S. Army also
identified several other empirical studies, also correlating swell with LL, PI, soil suction and
water content (U.S. Army,1983). Other authors in discussing natural soils have proposed
correlations of PI values with clay swell potential (e.g., Williams and Donaldson, 1980; Chen,
1988; Holtz et al., 2011) as listed in Table 3. Holtz et al. (2011) also included the SL in their
swell correlations. Further, O’Brien and Chenevert (1973) have correlated observed clay sample
response with the predominant clay mineral (Table 4).

van der Merwe (1964) developed an empirical equation to provide a more accurate
representation of field response. The correlation relates Pl and the clay content of the whole
sample together with a depth factor (to account for pressure below grade) to foundation swell
(see Figure 13).

The relationship was developed for single story structures in South Africa. Unfortunately, as
reported by Williams and Donaldson (1980), the approach has not always been successful when
applied elsewhere with different soil conditions. The method was modified by van der Merwe
(1975) to adjust the transition from one swell category to another, using clay activity (A) as a
bound (as shown in Figure 13).

Table 3: Other Proposed Relationships of Plasticity Index of Expansive Soils

Plasticity Index of Whole Sample

Proposed Pl Range from

Classification for Williams and Donaldson Proposed Pl Range from Proposed Pl Range from
Expansion (1980) Chen (1988) Holtz et al. (2011)
Low <12 <15 <18
Medium (>12)to 24 10to 35 15to 28
High (>24)to 32 20to 55 25t041
Very High >32 >35 >35

Source: Modified from Williams and Donaldson (1980), Chen (1988), and Holtz et al. (2011)
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Table 4: Field Behavior versus Clay Mineral Type

Class Characteristics Clay Minerals
1 Soft, Highly Dispersive (Gumbo); Mud-Making High Smectite, Some lllite
2 Soft, Fairly Dispersive; Mud-Making High lllite, Fairly High Smectite
3 Medium Hard, Moderately Dispersive, Sloughing High in Mixed-Layer, lllite, Chlorite
4 Hard, Little Dispersion, Sloughing Moderate lllite, Moderate Chlorite
5 Very Hard, No Dispersion, Caving High lllite, Moderate Chlorite

Source: Modified from O'Brien and Chenevert (1973)
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Figure 13: Proposed empirical relationship of clay content and PI to categories of clay soil swell by van der
Merwe (1975).
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Yilmaz (2006) conducted a review of a number of proposed correlations for classifying soil
swell. These correlations included relationships based on single and multivariate relationships
with various index parameters. These relationships included factors such as LL (e.g., Table 5),
PL, PI, SL, shrinkage index?’, liquidity index?3, clay fraction, clay activity, water content,
maximum dry density, expansion index?®, and CEC.

In addition, the authors conducted oedometer free swell tests on 141 undisturbed samples with a
nominal load of 0.0068 MPa, and a sample radius of 5.0 cm. The source and depth of samples,
however, were not reported.

Based on these tests, the authors correlated LL and CEC with free swell expansion, Sw, described
as:

Sy[%] = (0.155 x LL) + (0.0076 x CEC) — 2.04 (¢D)]
Using this relationship and a defined swell potential zones (Table 6), the authors constructed a

classification chart as shown in Figure 14. This system only corresponds loosely to the limits
proposed by Dakshanamurthy and Raman (1973) in Table 5.

Table 5: Correlation of Swell Categories with LL by Dakshanamurthy and Raman (1973)

Liquid Limit (LL) Classification
0to 20 Non-Swelling
20to 35 Low Swelling
35to 50 Medium Swelling
50to 70 High Swelling
70to 90 Very High Swelling
>90 Extra-High Swelling

Source: Modified from Dakshanamurthy and Raman (1973)

27 The shrinkage index is a derived Atterberg limit, defined as SI = PL — SL where Sl = shrinkage index, PL =
plastic limit and SL = shrinkage limit.

2 The liquidity index is a derived Atterberg limit, defined as L = Wn ~ P L)/(LL _ py Where LI = liquidity

index, w, = natural water content, PL = plastic limit and LL = liquid limit.

2 The expansion index (EI) = percent swell (oedometer test) x (soil fraction passing No. 4 sieve) x 100.
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Table 6: Free Swell Limits for Classification by Yilmaz (2006)

Free Swell (%) Swell Classification
<15 Low Swell
1.5t05.0 Moderate Swelling
5.50to 10.0 High Swelling
>10.0 Very High Swelling
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Figure 14: Proposed swelling potential chart based on CEC and LL by Yilmaz (2006)

4.2.2 Swell of Shales due to Hydration

There have been several extensive efforts to predict the swell potential of near-surface shales
using a combination of index tests and other methods. Some of these studies are described in this
section.

Huang et al. (1986) tested five different types of shale from Illinois. Separate free swell and zero-
volume-change oedometer tests were conducted on the samples (for a total of ten tests). The
samples were prepared by first oven-drying, then rehydrating the shale by placing the samples in
differing humidity environments. The samples had LL values ranging from 16.4 to 27.0%, PL
values of 15.7 to 19.2%, and a porosity of 11.0 to 21.6%. Experiments indicated little apparent
effect of the differing hydration humidity. Factors that demonstrated a correlation to swell were:
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PI, clay content, the configuration of clay particles, and susceptibility to moisture (a durability
criterion developed by the authors). In addition, the amount of free swell showed a general linear
correlation with the swell pressure. The authors also concluded that tested shales can generate a
fair amount of expansive force even with only trace amounts of clay minerals, and that shale
without smectite minerals can develop significant swelling pressures. In review of this work; it is
noted that the free swell values experienced in this testing were small, all less than 2%. Swell
pressures were significant, but all less than 10 MPa, but even the very low free swell samples
generated pressures in excess of 2 MPa.

Shakoor and Sarman (1992) conducted a variety of tests on a range of mudstones and performed
statistical analyses to determine which parameters provided the best fit. The authors studied 36
samples (together with 6 additional verification samples) from 15 sites in the United States. The
samples were tested to determine a number of properties, including: grain size distribution, clay
content, clay type, texture, absorption, adsorption, Atterberg limits, specific gravity, dry density,
void ratio, slake durability, uniaxial compressive strength, 3-D free swell expansion, and
swelling pressure. Properties were determined using ASTM testing methods and samples were
disintegrated to determine index properties. A scanning electron microscope was used to study
mudrock texture and structure (i.e., size and abundance of voids, degree of microcracking). The
study developed a 12-parameter list of values for each rock unit together with clay mineral
divisions, and pore volume variables.

Bivariate analyses of the data indicated that the swell expansion and swelling pressure could not
be well represented by a single variable. Therefore, a multi-variate analysis was used to correlate
with free swell and swell pressure values. Samples were divided into four groups using the
classification system of Lundegard and Samuels (1980)*. The results indicated that a five-
variable correlation was optimal to evaluate potential swell expansion and swell pressure for all
samples. The five factors were: 1) absorption; 2) adsorption; 3) second-cycle slake durability; 4)
void ratio; and 5) point load strength. A sixth variable, PI, was included for claystone and
mudstones units (as identified by the authors). For mudshales, a seventh parameter was
introduced, LL3.

The authors also provide a correlation between swell pressure and the amount of free swell
(Figure 15). The authors concluded that swell in these units can occur over a range of uniaxial
strengths, and that larger amounts of swell are not restricted to units containing more-highly
expansive clay minerals (e.g., smectite). Further, the process of classifying the units into separate
groups was deemed essential to conducting the multivariate analyses.

Sarman et al. (1994) provides an updated analysis of the Shakoor and Sarman (1992) study with
the same sample data. However, the revised multivariate analyses identifies only five main
(optimal) variables that correlate with swell expansion and swell pressure: 1) absorption; 2)
adsorption; 3) second-cycle slake durability; 4) void ratio; and 5) point load strength.

% Based on particle size and laminations; see Lindner (2016) for description of classification system.

3L The parameters of specific gravity of solids, dry density, and percentage of clay-size particle (i.e., <5 um) were
not included in the optimal correlation.
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Specifically, the Pl and LL parameters mentioned in the earlier paper were eliminated from the
proposed correlations.
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Figure 15: Definition of swell categories based on swelling pressure and volumetric expansion from Shakoor
and Sarman (1992).

Olsen et al. (2000) collected 182 undisturbed samples from 20 sites from Boulder to Pueblo
along the Colorado Front Range Urban Corridor. The clay and clayshale samples were taken
from shallow depths: 145 samples were taken at 30-50 cm depth beneath the ground surface, and
37 samples were taken approximately 2.4 m (8 ft) beneath the ground surface. The clay fraction
of the samples ranged from 0 to almost 100%, and clay mineralogy ranged from pure smectite to
varying degrees of mixed-layer smectite/illite and smectite to very low smectite. Illite content
was significant in many samples (up to 60% of the clay fraction) with variable but generally
minor amounts of kaolinite (typically 10% of the clay fraction but some units varied up to about
50%). Samples were tested for fundamental suction, water content, and volume change
relationships based on the scheme by McKeen (1992), originally developed for airport
pavements. Additional Atterberg index testing was performed on many samples to compare with
Seed’s method (Seed et al., 1962) and Chen’s correlation with PI (Chen, 1988).
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Swell tests were conducted using an oedometer, first allowing vertical swell under a nominal
load and then applying vertical loading until the initial void ratio was obtained to determine the
swell pressure. As for results, the input variables (such as PI) did correlate with the amount of
smectite, with correlation coefficients in the range of 0.6 to 0.75 (Olsen et al., 2000). However,
the percent swell and swell pressures did not exhibit a direct correlation with the total percent
smectite (Olsen et al., 2000), and the three methods appear to be poor indicators for swell of
these samples. The authors attribute this result due to other factors (such as the initial moisture
content, stress history, and surcharge loading), which are not included as factors in the study.

Gomez-Gutierrez et al. (2011) tested ten compacted shales and two over-consolidated clays from
different formations in Kentucky. From results, the authors note that the factors of clay fraction
(from a sieve analysis), the original water content, the amount of absorbed water and LL
generally correlate with free swell, but other factors such as PI, liquidity index (LI) and
consistency index (CI)32 did not show reliable correlations. Slake durability also showed no
obvious correlation. However, a correlation is proposed by the authors between free swell and a
composite factor, durability ratio, H (the square of the ratio of the slake durability to the clay
fraction). The data for all samples appear (visually) to show some correlation to this factor, but
no goodness of fit data is provided in the paper. In addition, based on consolidated undrained
triaxial tests, the effective critical state friction angle was calculated. This friction angle was also
proposed to correlate well with free swell, but the fit appears fair to poor in the authors’ figure
(Gomez-Gutierrez et al., 2011).

4.2.3 Summary of Correlation Studies for Hydration

In review of published correlations, the following points seem evident:

e No single parameter is sufficient to effectively describe swell for mudstones, despite one-
parameter correlations established for specific clay minerals or artificial samples

e Various clay minerals can cause swell. The more common minerals, in order of
decreasing swell potential are: (1) smectites (montmorillonite); (2) interlayer-deficient
micas (illite); and (3) serpentine-kaolin (kaolinite). There are also mixed layers of these
minerals. It is concluded that all clay minerals can expand to some degree and the
potential for actual material expansion is dependent on a combination of intrinsic factors,
not just the mineral type.

e Of importance, the amount of clay content, clay mineral types, and Atterberg limits®
correlate with hydration swell. It is concluded that Atterberg limits and related indices
(i.e., PI, A, LL and SL) describe the plasticity and related characteristics of the clay
minerals, and are therefore surrogates for describing the type and amount of clay
minerals.

%2 Clis aderived Atterberg limit, defined as CI = (LL - Wn)/(LL —PL) where CI = consistency index,

W, = natural water content, PL = plastic limit and LL = liquid limit.

3 The correlation with Atterberg limits and shale swell is not always included in the literature.
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e Strength (i.e., unconfined strength, point load strength), and density parameters (dry
density, void ratio) correlate with hydration swell. Slake durability has also been
employed in some correlations. It is suggested that all these parameters are essentially
surrogates for evaluating the rock fabric (including cementation) of the sample.

e Various other factors are also of some importance in swell, including the initial water
content, sorption (adsorption and absorption), soil suction, and CEC. In situ stress is a
factor in predicting field response.

43 FACTORS IMPORTANT IN HYDRATION RESPONSE

4.3.1 Background

From a review of the foregoing, there are several factors that are of importance to response when
clay or shale is hydrated. Several authors have proposed to list these factors in a systematic
fashion. However, the proposed listings need to be re-tailored in some respects to reflect the
swell of mudstones.

As noted earlier, Seed et al. (1962) listed a number of factors in the swell of artificial clay
samples (Table 2). In examining these factors, however, it is evident that these factors reflect the
construction of the artificial samples themselves. For in situ shales, it is not possible to control
the structure of the material, the existing water content or dry density of the unit; these factors
are intrinsic to the rock fabric rather than externally controlled by the experimenter.

For a methodology to predict clay swell in the field, the U.S. Army (1983) identifies factors
similar to Seed et al. (1962), but includes a number of environmental conditions to describe the
availability of water, including: a) climate, b) groundwater, c) drainage, d) vegetative cover, and
e) field permeability. They note that swell is time dependent, attributing the time factor due to
the availability of water. These conditions reflect many of field-related situations encountered in
surface design.

A more-general approach has been taken by Underwood (1967). In discussing the classification
of shales for engineering purposes, Underwood (1967) identifies a number of factors that
influence shale response in engineering (see Table 7). These items range the gamut from
describing the current state of the material (e.g., predominant clay minerals and swell potential)
to the current state of the environmental factors and conditions (e.g., state of stress), and includes
both microfabric and macrofabric concerns (moisture content versus the orientation of
discontinuities).
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Table 7: Factors Important to Shale Behavior by Underwood (1967)

Physical Property

Unfavorable Range

Favorable Range

1* Uniaxial Compressive Strength (MPa) 0.34t02.0 2.0to 34

2 Modulus of Elasticity (GPa) 0.14to1.4 14to014

3 Mg:;:;\‘/’g'gg;gth (MPa) 0.03t00.7 0.7 to Greater than 10
4 MZ:;IEn(;/fell:tpeerﬁal Friction (°) * 10t0 20 20to 47+

5* Dry Density (kg/m?) 1,120to 1,760 1,760 to 2,560

6* Potential Swell (%) 3to 15 1to3

7* Natural Moisture Content (%) 20 to 35 5to 15

8 Coefficient of Permeability (m/s) 107 to 102 Greater than 107
9* Predominant Clay Minerals Montmorillonite or lllite Kalonite and Chlorite
10* | Activity Ratio Greater than 0.75 0.33t00.75

11 Response to Wetting/Drying Cycles Reduces to Grain Sizes Reduces to Flakes
12* | Spacing of Discontinuities Closely Spaced Widely Spaced
13* | Orientation of Discontinuities Adversely Oriented Favorably Oriented
14* | State of Stress at Site Greater than Overburden Approximately Equal to
Overburden
Source: Modified from Underwood (1967); modifications include changing the values to metric units, excluding

the columns on “Probable Engineering Behavior” and showing range values on a single line. In addition,
the maximum value of Angle of Internal Friction in the Favorable Range is reduced in the table to

reflect current literature values (e.g., Kohli and Zoback, 2013).

* Indicates a parameter considered to directly affect the amount of swell of shale in situ, as identified in this
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For each factor in this table, a range of unfavorable and favorable conditions is identified, but no
system or rating method is introduced for shales exhibiting several unfavorable conditions.

For shale swell, Underwood (1967) notes that the presence of discontinuities are identified to be
a concern as well as the predominant clay minerals of the shale, activity of the material and the
swell potential. The author’s observations also indicate that swell in rock units with frequent
slicken sides tends to be greater than those units with few discontinuities. Underwood (1967)
further notes that: 1) swell is dependent on the external stress; 2) swell can be time-dependent;
and 3) swell correlates with the availability of water through the fabric.

However, in addition to the parameters identified in swell correlations (Section 3.2.2) and the
factors discussed by Underwood (1967) and Seed et al. (1962), there are other concerns on the
swell response, some of which are described in the following sections.

4.3.2 Other Factors - External Fluid Chemistry

In examining the list of factors influencing swell by Underwood (1967) in Table 7, there are
other factors that should be included in such a list when in discussing physiochemical swell of
mudrocks. In particular, the type of external fluid, the exchangeable cations content and the
electrolyte concentration, can have a significant effect on swell. For example, experimental work
by Wakim et al. (2009) on Tournemire shale with differing salt solutions clearly shows that the
aqueous solution chemistry strongly influences the potential to swell. At the same concentration
(1 mol/l), potassium chloride (KCI) had the strongest effect, followed by calcium chloride
(CaClz), with sodium chloride (NaCl) having the least effect, in comparison to a pore fluid of
distilled water. However, when the solutions were normalized to the same ionic strength, NaCl
had a stronger effect than CaClz. For all solutions, higher concentrations had a stronger reduction
effect on swell. Similar results were obtained on Bringelly Shale by William and Airey (2004),
as illustrated in Figure 16.%*

Testing on mudrock from Shandong Province, China was conducted using various salt solutions,
including aluminum chloride (AICI3), NaCl, and CaClz (Chai et al., 2014). The results indicated
that AlCIs solution had a stronger effect than either the NaCl or the CaClz2 solutions. In addition,
the testing demonstrated that the degree of the salt effect was noted for the most part chemically
path-independent (which was also concluded by Wakim et al., 2009). This demonstrates that the
physiochemical swell processes are (to some degree) reversible.

Laboratory testing by Chenevert (1998) on Speeton shale indicated that other salts such as
potassium formate (HCO:zK), alcohols (glycerol) and other solutions such as methyl glucoside
and NaCl/methyl glucoside can reduce swell (and perhaps induce shrinkage) in contrast to water
solution alone.

Testing by Lee and Lo (1993) showed similar results with free swell tests on Queenston shale
with a fully-saturated NaCl solution. However, the authors also noted that the salinity of the
specimen changed during testing depending on the immersion fluid; for example, testing in

3 Note that William and Airey (2004), appears to show a more significant effect of NaCl than CaCl, on swell at
the same concentration, while Wakim et al. (2009) shows the reverse.

41



Review of the Effects of CO, on Very-Fine-Grained Sedimentary Rock/Shale - Part 11: Clay Mineral & Shale
Response To Hydration

distilled water indicated that the salinity of the solution increased during the test as the salinity of
the sample decreased. In addition the authors noted that free swell tests using fluids such as
ethanol apparently induced little or no swelling, and the sample in testing with transmission oil
contracted slightly with time (Lee and Lo, 1993).
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Source: William and Airey (2004).

Note: Testing on Bringelly Shale; solutions are in 1 molar concentrations.

Figure 16: Effect of immersion fluid on free swell of Bringelly shale.

The petroleum industry has encountered a number of problems in drilling through mudstone
units including swell. As a result, the industry commonly adds a number of chemicals to the
drilling fluid to counter these problems including mudstone swell. Testing on three mudrocks
(London clay, Oxford clay, and Fuller’s Earth) was conducted by Amanullah et al. (1997) with

chemical additives typical to the drilling industry for water-based mud systems to identify the
effects on swell.

This testing indicated that organic compounds and polymers such as polyamine, glycol, partially-
hydrolyzed polyacrylamide (PHPA), and sodium carboxymethyl cellulose (CMC) can also
substantially reduce swell, with a polyamine + glycol solution having the largest effect on the
rocks studied (Amanullah et al., 1997).
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Table 8: Various Additives for Clay Stabilization by Fink (2013)

No. Additive
1 Polymer Latices
2 Polyacrylamide

3 Partially Hydrolyzed Polyvinylacetate

Copolymer of Anionic and Cationic Monomers: Acrylic Acid, Methacrylic
4 Acid, 2-Acrylamido-2-Methyl-1-1 Propane Sulfonic Acid, Dimethyldiallyl
Ammonium Chloride

5 Nitrogen

Partially Hydrolyzed Acrylamide-Acrylate Copolymer, Potassium
Chloride, and Palyanionic Cellulose

Aluminum/Guanidine Complexes with Cationic Starches and
Polyalkylene Glycols

8 Hydroxyaldehydes or Hydroxyketones

9 Polyols and Alkaline Salt

Tetramethylammonium Chloride and Methyl Chloride Quaternary Salt of

1
0 Polyethyleneimine

11 Pyruvic Aldehyde and A Triamine

12 Quaternary Ammonium Compounds

13 In Situ Crosslinking of Epoxide Resins

Oligomer (Methyl Quaternary Amine Containing 3—6 Moles of

14 Epihalohydrin)

15 Quaternary Ammonium Carboxylates

16 Quaternized Trihydroxyalkyl Amine

17 Polyvinyl Alcohol, Potassium Silicate, and Potassium Carbonate

18 Copolymer of Styrene and Substituted Maleic Anhydride

19 Potassium Salt of Carboxymethyl Cellulose

Water-soluble Polymers with Sulfosuccinate Derivative-Based

20 S
Surfactants, Zwitterionic Surfactants

Source: As shown by Fink (2013)

A listing of typical chemical additives to drilling mud to reduce swell is shown in Table 8. Note
that some of these additives directly inhibit hydration of the mudrock mineral fabric while others
simply coat the mudrock surface in the borehole, providing a barrier to flow and thereby
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reducing hydration and swell.® A discussion on the effects of various additives is provided in
more detail by van Oort (2003).

4.3.3 Still Other Factors - Temperature and pH

4.3.3.1 Temperature

It is to be expected that temperature influences swell to some degree. At elevated temperatures
(greater than 200 °C), dehydration of clay minerals can occur, which in turn can alter/damage the
microstructure of the shale.®® Further, if the temperature is high enough, the clay mineral
structure itself will be altered. As reported by Yilmaz (2011), kaolinite becomes non-plastic at
400 °C and bentonite at 500 °C. In addition, thermally-treated kaolinite and bentonite up to

400 °C drastically reduces their swelling behavior.

However, at expected temperatures for many engineering applications, the temperature appears
to have limited effect. Based on available data, testing indicates only a secondary effect of mid-
range temperatures on swell behavior at temperatures of 10 to approximately 110 °C.
Specifically, testing by Huang et al. (1995) on shale from Alaska and Pennsylvania, at
temperatures of -10 and 23 °C indicated that the temperature had only a minor effect on swell
response, especially above 0 °C. In their tests, at temperatures above 10 °C, increasing
temperature did correlate with increasing swell somewhat, exhibiting an approximately 10%
increase in expansion between 10 and 24 °C. However, between 0 to 10 °C, the amount of swell
appears practically unchanged. Testing by Yong et al. (1962) on sodium montmorillonite at
temperatures from 0 and 24 °C indicated only a gradual increase in swell pressures with
increasing temperature in this range.

Testing at somewhat higher temperatures, Chenevert and Osisanya (1992) conducted confined
swell tests on Wellington Shale®” using deionized water, at temperatures of 24, 66 and 107 °C.38
For a series of tests at a pore water pressure of 17 MPa and a compaction stress of 52 MPa, the
swell results at 24 and 66 °C were very similar, and the expansion at 107 °C was only about 15%
greater.

4332 pH

The pH of the pore water may have a strong influence on the cations available in the clay mineral
structure and the swell behavior. As discussed by Mitchell and Soga (2005) pH will directly
affect the electrostatic configuration of clay minerals:

“Clay particles may have hydroxyls (OH) exposed on their surfaces and edges. The
tendency for the hydroxls to dissociate... is strongly influenced by pH; the higher the pH,

% Some of the additives may do both.

3% The temperature at which substantial dehydration occurs is dependent on the clay mineral, bonding ions, and
other factors.

87 It is noted that the clay content of these samples were low, about 15%, illite the dominant clay mineral.

% Testing was conducted (in English units) at 75, 150 and 225 °F, with a pore pressure of 2,500 psi, and a

confining pressure of 7,500 psi.
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greater the tendency of the H+ [hydrogen ion] to go into solution, and the greater the
negative charge of the particle.”

In addition, low pH solutions may ionize with alumina at the edges of clay particles.

Unfortunately, no experimental work on this topic was found in available literature, so the actual
effect is not evaluated in this report.

4.3.4 Anisotropy

Other factors can affect the potential to swell, including aspects of the microfabric. Given the
method of mudstone deposition and the observed strength and modulus anisotropy of the
material, it is not unexpected that the swell of shales is generally anisotropic as well. In many
cases, the potential swell and swell pressure has been observed to be significantly greater
perpendicular to the bedding plane, versus parallel to the bedding plane (replicating a
transversely isotropic concept). Bock et al. (2010) illustrates this concept of swell perpendicular
to and parallel to bedding with data from Wolter (2010).

For example, as observed by Chai et al. (2014), testing on mudrock from Shandong Province,
China observed that swelling of a mudrock sample was highly anisotropic and correlated to the
orientation bedding of the rock unit. In one case, the swelling perpendicular to bedding was
3.54% in contrast to 0.76% parallel to bedding (resulting in an anisotropy coefficient® of 4.6).

Anisotropy was also demonstrated by free swell tests on Queenston shale, which indicated a
maximum strain of 0.6% at 100 days (perpendicular to bedding) with an anisotropy coefficient of
about 2.0 (Lee and Lo, 1993). The core was stored for 5 years before testing, but the core was
covered by the layer of wax and at 100% humidity (the authors indicated no change in moisture
content during this period). Swelling of samples was still continuing at 1,700 days. It was also
observed that salinity of the sample decreased during testing.

Testing by Wong (1998) found the swelling behavior of La Biche shale to be significantly
anisotropic with an anisotropy coefficient in the range 1.74 to 4.52. This author used solutions
of different salinities (concentrations of NaCl of 0.0, 0.4%, 1.0% and 3%) to study swell, but the
differing solutions had little observable effect on the anisotropy coefficient. (Also, as observed
by others, the amount of free swell decreased as the NaCl concentration increased.) Similar
anisotropy results were obtained by Wakim et al. (2009) from testing on Tournemire shale with
an observed anisotropy coefficient of 4.0.

For a swell test on Bringelly shale, William and Aiey (2004) observed that the free swell strains
using tap water were highly anisotropic, with an anisotropy coefficient of approximately 7

3 The anisotropy coefficient is defined as the ratio of free swell perpendicular to bedding to the swell parallel to
bedding.

40 Ratio of axial to radial swelling as reported by author. It is presumed that the axial strain is perpendicular to the
bedding.
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(William and Aiey, 2004). Wolter (2003) conducted two free swell tests*! on instrumented core
of Opalinus clay (mudstone); the data shows anisotropy coefficient of roughly 4.7 to 6.3 (Wolter,
2003) for a ratio with the maximum strain parallel to bedding. One sample was from a horizontal
borehole, the other from a vertical hole, which was provided for a comparison of measurement
using the free swell device; accordingly, the measured strain perpendicular to bedding from both
cases was almost identical. However, the minimum and maximum strains measured parallel to
bedding in this testing were noted to be highly dissimilar, with the minimum strain parallel to
bedding being effectively zero. This indicates that swell can be highly anisotropic in some cases
(shown in Figure 17).
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Figure 17: Example of anisotropic swell strain vs. time.

4L The free swell apparatus device in this case was atypical, as it measures lateral strain (i.e., perpendicular to the
core axis) along four axes using LVDTSs, and therefore the author could compute minimum and maximum strain
in this plane. The device was originally developed to measure anelastic strain recovery.

46



Review of the Effects of CO, on Very-Fine-Grained Sedimentary Rock/Shale - Part 11: Clay Mineral & Shale
Response To Hydration

4.3.5 A Summary of Important Factors in the Swell of Shale

From a review of the statistical correlation analyses and other literature, a list of factors
considered important to the clay-mineral induced swell is shown in Table 9. The table is divided
into two groups: (1) intrinsic parameters, and (2) external/environmental parameters.

The intrinsic parameters describe the shale configuration as it exists at a specific point in time.
At the start of an analysis, the intrinsic parameters are expected to be in some form of
equilibrium condition with respect to the external conditions. However, the intrinsic conditions
are not necessarily static and the behavior can change with a change in external conditions. For
instance, upon unloading, a shale swells, and in turn, the microstructure changes with the
expansion, and the electrostatic configuration changes as well, exhibiting path dependence.

In reviewing the intrinsic factors in the table, the initial parameters (on clay content, mineralogy
type, moisture content, and density) are readily identified as important to swell from the various
proposed index parameter correlations. From the theoretical basis for physiochemical swell and
the long experience with drilling fluids, the next two factors on pore water geochemistry and
suction/cation exchange capacity are also evident. The next factor, cementation is reflected in
rock strength and classifications (e.g., uncompacted shales) and is an inhibiting factor as it does
not induce swell but rather restrains the behavior. The last two parameters on micro- and macro-
fabric, are perhaps also understood as important by the general technical community, but are
difficult to quantify, and therefore are seldom listed or discussed in relation to shale swell.

The list of external conditions in the table describe the factors that, when changed, drive the
expansion/contraction of shale. The first two factors, the state of stress and the availability of
fluid are essential to the swell process. The drilling industry has actively tried to control the third
factor, type and geochemistry of the external fluid, which in the case of drilling is drilling fluid
(drilling mud) and has seen extensive investigations. The last factor, temperature, is expected to
influence physiochemical swell but the extent may be minor at near-surface temperatures (say
less than 200 °C).
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Table 9: Factors Considered Important in Assessing Shale Swell Behavior In Situ

No. Physical Property Comment
Intrinsic Parameters
1 Total Clay Mineral Content
Type and percentage of individual clay minerals and
2 Clay Mineralogy organic content
Surrogates: Index Parameters: PI, LL
3 Moisture Content
4 Density/Void Ratio
5 Pore Water Geochemistry
6 Suction/Cation Exchange Capacity
. Can be assessed by direct of Brazilian tensile
7 Degree of Cementation .. .
strength, or uniaxial compressive strength
Including: structure of unit, grading variation,
Microfabric Including the Degree of heterogeneities, density of micro-discontinuities
8 Anisotropy, Effective and Isolated such as laminations, and microcracks
Porosities, Permeability Note that the microfabric of the unit will be altered
by stress history/stress change
Including: type, frequency and spacing of
. di tinuities (fract , beddi | 3
9 Macrofabric |.scon |.nU| ies (. rac u'res e ' ing p ar'!e's
slickensides), orientation of discontinuities, and
fracture aperture and coatings
External / Environmental Parameters Inducing Expansion/Contraction
Magnitude and orientation of external stresses and
1 External State of Stress
the stress path of load change
L . Availability can be variable with time; includes
2 Availability of External Fluids . .y ) . -
humidity in air; chemistry and ionic structure
External Fluid Type and Related .
. vp The type and concentration of salts and other
3 Geochemistry . . . .
. chemicals in fluid can affect swell significantly
(Including Electrolyte and pH)
May be a minor influence at near surface
4 Temperature
temperatures
Notes:

a PI = plasticity index; LL = liquid limit
b Core size is expected to affect the amount of swell results in the laboratory
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

A review of the hydration response of clay minerals, clays and shales*? is presented as a basis for
evaluating the swell response of shale to CO2. The review demonstrates that the
hydration-induced expansion of argillaceous materials is a complex topic involving differing
swell mechanisms, is controlled by a variety of structures in the microfabric, ranging from the
nanoscopic scale to lab scale, and is influenced by a number of factors, both internal and
external.

Significant conclusions of the review are:
On Swell Mechanisms:

e |t is understood that all clay minerals will swell upon hydration and stress change.
However, there is a large range in this behavior depending on the microfabric, and
expansion can range from the negligible (in an engineering sense) to very pronounced,
causing extensive damage.

e Three mechanisms underlying the behavior of shale upon hydration are identified:
(1) Mineral alteration swell: an alteration of a mineral in the rock mass inducing
expansion; (2) Mechanical swell: the result of reduction in capillary-related pressures
upon wetting, causing a mechanical response; and (3) Physiochemical swell:
physiochemical reactions of clay minerals that expand the rock matrix due to sorption

e The swell behavior of phyllosilicates is determined by the mineralogy of the solids, the
chemistry of the pore water, and the degree of aggregation of the particles

e While a number of possible sorption mechanisms can be proposed for physiochemical
swell of clay minerals, there is no consensus on the actual mechanisms that apply. The
applicable mechanisms will also vary with mineral species.

e Physiochemical swell is considered the dominate mechanism applicable to CO2 swell, but
mechanical swell may also a factor

On Laboratory Testing:

e Several testing techniques have been employed to evaluate rock swell potential, but most
current techniques have significant limitations. For example, Atterberg limit testing
requires deaggregation of the material, which destroys the microfabric of the rock
sample.

e Sample disturbance can be a significant factor in interpreting laboratory data, especially
due to changes in water content and stress. In particular, the drying of the sample during
storage and prior to testing is often overlooked. Testing should also consider
pressurization of the sample prior to testing to restore the in situ stress conditions on the

42 The definition of shale is provided in the Part I of this report series (Lindner, 2016).
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sample so to limit sample disturbance from unloading and provide more-representative
results.

Sample damage can potentially include the generation of microfractures during coring
and subsequent depressurization from in situ stresses

On Experimental Evidence of Swelling:

5.2

Based on a review of hydration swell correlations, it is evident that a single factor cannot
predict swell potential or pressure accurately for shale. The most prominent factors for
shale swell testing are water content, clay content and strength. For clay minerals and
clays, Atterberg limits also show good correlations, but are not included in some
shale-related studies.

Both intrinsic and external factors can influence the swell of shales in the field. The
intrinsic parameters describe the shale configuration/formation as it exists at a specific
point in time. External factors describe the conditions that, when changed, drive the
expansion/contraction of shale. These factors are not identical to the factors identified for
artificial or natural clay (as reported by others) due to lithification of the shale.

In addition to factors considered in reported correlation studies, factors such as the degree
of cementation of rock material, the type and chemistry of the external fluid(s), fabric
anisotropy, the temperature, and pH are also expected to influence the amount of
potential swell.

A comprehensive list of factors that influence hydration swell of shales is proposed (see
Table 7)

RECOMMENDATIONS

From this review, several areas are identified for future research to construct a more
comprehensive understanding of shale behavior. The following items are recommended:

Implementation of a test program to investigate the effect of microfracturing on shale.
This testing can be conducted using X-ray scanning and other techniques in
understanding basic fabric of the sample before and after testing.

Further development of the hollow cylinder test system concept and the establishment of
a standard testing method of swell testing with this apparatus. In contrast to other existing
methods, this type of test system can provide a more representative set of conditions to
simulate the borehole environment, and can be applied to issues such as borehole stability
as well as swell.

Development of alternative methods to study swell behavior (including non-destructive
petrophysical methods, imaging techniques including scanning electron microscopy and
X-ray computed tomography, and the measurement of dielectric properties and ultrasonic
wave velocity measurements). These methods can provide additional insight into
microfabric changes during testing.

Development of techniques to study the effects of true-triaxial (polyaxial) stress on swell.
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e ldentification of the required set of tests to fully characterize shale samples for swell and
implementing this methodology on a set of reference shales.

e Study of the effect of depressurization on the geomechanical properties and swell
response of shales. This testing would determine the significance of possible sample
damage and characterize the effect on swell. The test program would require the use and
development of techniques and equipment that will maintain the in situ pressure on shale

samples from coring through testing.
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