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Summary

Summary
Carbon Capture and Storage (CCS) is a promising method in the portfolio of negative
CO2 emission techniques. It involves capture of CO2 from industrial units (e.g. power plants
and cement factories), followed by transport and then injection of the captured CO 2 into
underground reservoirs, such as saline aquifers, or depleted oil and gas reservoirs, for
geological storage. Long-term safe containment of stored CO2 relies on the sealing integrity
of the overlying caprock overlying the storage reservoir, as well as any pre-existing faults
bounding the system. For many existing and potential CO 2 storage sites, clay-rich shales and
mudstones form the primary caprock. To assess the leakage risk of CO 2 through clay-rich
caprocks and along initially sealed faults, the interactions between the caprock material and
CO2-rich fluid, and its effect on sealing integrity must be well understood under CO2 storage
conditions. In many clay-rich caprocks, swelling clays, such as smectites, are pervasively
present. It is known that upon interaction with CO2 and/or water, these clays swell. However,
it has not yet been investigated how their swelling behavior impacts caprock and fault integrity
under in-situ conditions. This thesis addresses an experimentally-based study on the selfstressing effect in smectite clays induced by volumetric swelling of the smectite due to
interactions with CO2 and H2O. Furthermore, it investigates the effect of stress-strain-sorption
behaviour of smectites on the transport properties of smectite-bearing shale and fault-filling
gouge.
Chapter 1 of the thesis describes the motivation, scope and background of this study. It
includes a short introduction into the swelling characteristics of smectite under unconfined
conditions. On this basis, knowledge gaps are identified and specific aims of this study are
defined.
Chapter 2 aims to verify and quantify the self-stressing effect occurring in smectite
material upon exposure to CO2 under constrained conditions. To this end, 1-D laterally
confined compression experiments (oedometer) on pre-compacted pure smectite (Na-SWy-1
and Ca-SAz-1 montmorillonite) aggregates, and on a smectite-bearing shale (53% smectite)
were performed. In these experiments, the development of axial effective stress (i.e. swelling
stress) following introduction of supercritical CO2 (10MPa) was measured under
mechanically confined conditions at 44 °C. All samples tested were pre-equilibrated with lab
air humidity (40–60% relative humidity) so as to pertain a well-defined initial hydration state,
similar to that believed to exist in the subsurface, thereby enabling the smectite clay to swell
exposed to CO2. Control experiments performed on Na-SWy-1 smectite samples using Ar as
the pore fluid (10 MPa pore pressure) led to the development of apparent swelling stresses on
the order of approximately 2–3MPa under confined conditions, reflecting a poroelastic
swelling effect due to introduction of pore fluid into the samples at 10 MPa.
Upon CO2 exposure, the Na-SWy-1 smectite samples developed apparent swelling
stresses of 7–11MPa with a restricted swelling strain of 1-3%, under in-situ stresses
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corresponding to a burial depth of 0.8-1.8km. By contrast, Ca-Saz-1 montmorillonite yielded
50% higher apparent swelling stresses than Na-SWy-1 samples tested under the same
conditions, indicating a dependence of the swelling capacity on the type of smectite, notably
the nature of the interlayer cation, i.e. Na+ vs. Ca2+. Furthermore, the natural, smectite-rich
shale sample, subjected to an initial effective overburden of 24.7 MPa (equivalent to 2km),
showed a swelling stress of 9 MPa upon exposure to high-pressure CO2. This suggests that
under fully constrained (zero swelling strain) conditions net swelling stresses of tens of MPa’s
can develop in both lab air-dry smectite clays and smectite-bearing material upon exposure to
CO2.
In Chapter 3, I systematically investigate the development of swelling stress in precompacted Na-SWy-1 montmorillonite aggregates when exposed to CO2 at 10MPa under a
broad range of initial hydration states and temperatures. The pre-equilibrated hydration states
(H) range from vacuum dry (H ≈ 0 water layers, W), lab humidity (air-dry; 0W<H<1W) to
liquid water saturated (H≈2W). The 1-D confined compaction tests are performed at initial
axial effective stresses of 10 to 32MPa and temperatures of 44 to 80C. Control experiments
performed by injecting Ar and He resulted in only ~2MPa swelling stress in vacuum-dry and
air-dry samples, while water-saturated samples exposed to Ar and liquid water at 10MPa
develop swelling stresses of 6–8 MPa.
Under the range of hydration states employed, Na-SWy-1 smectite produced swelling
stresses of 5–10MPa upon exposure to CO2, alongside a swelling strains of 1.5–3 %, which
was accommodated by apparatus distortion. Overall, the measured swelling stresses decreased
with increasing initial effective stresses. When applying higher axial stresses to counteract the
accompanying swelling strain, i.e. to achieve a zero swelling strain condition, swelling
stresses up to 86 MPa were determined for air-dry samples. Exposure to CO2 of the watersaturated samples led to swelling stresses similar to those seen for water-saturated material
exposed to high-pressure Ar and H2O. Overall, the results demonstrate that CO2 exposure
induces (net) swelling stress in Na-SWy-1 montmorillonite, in excess of poro-elastic effects.
However, these swelling stresses only develop for smectite hydration states in the range 0–
1W and not under water-saturated conditions. By contrast, additional tests performed on airdry samples derived from illite-rich clay measured swelling stresses of only 1.5-2MPa, after
correction for poro-elastic effects. This demonstrates that swelling effects in smectite,
resulting from CO2 sorption, are not only attributed to incorporation of the CO2 into the
interlayer structure but also to CO2 sorption onto the external surface of the clay platelets.
Chapter 4 focuses on the effects of CO2-H2O-smectite interactions on the transport
properties of smectite-bearing shales and faults filled with smectite-rich gouge. The work
reported involved permeability measurements on two cylindrical Opalinus Claystone (OPA)
samples, taken perpendicular and parallel to bedding respectively. In addition, a third
experiment was performed on a simulated smectite fault gouge layer sandwiched between two
stain steel half-cylinders. All experiments were performed at 40°C, using the steady state
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through-flow method at a mean pore fluid pressure 10 MPa. Each sample was radially
constrained in a stainless steel vessel with zero initial effective confining pressure. The
Opalinus Claystone cores were first subjected to multiple through flow runs using dry He and
dry CO2. Subsequently, the OPA sample cored parallel to bedding was artificially fractured
and subjected to additional experimental runs using wet He, wet CO2, pure liquid water, CO2saturated water, water-saturated CO2, water-saturated He, dry CO2 and dry He. The simulated
gouge sample was subjected to alternating runs using dry and variably-wet CO2 following
initial runs employing dry He and dry CO2.
The experimental results show that introduction into and flowing of dry CO2 through
air-dry Opalinus Claystone samples and simulated smectite fault gouge (initial hydration
state: H<1W for Na-rich smectite and 1W<H<2W for Ca-rich smectite) resulted in a decrease
in permeability in all three samples, ranging from a factor of 4–9 for the OPA samples to even
more than 1 order of magnitude for the simulated gouge, when compared to control runs
performed using dry He. This suggests a self-sealing effect related to swelling of smectites
characterized by air-dry hydration conditions prior to exposure to and flow-through of dry
CO2. Furthermore, for air-dried simulated smectite gouge, gouge permeability in the presence
of dry CO2 is ~1 order lower that that measured using dry He. Alternative flow of watersaturated CO2, wet CO2 and dry CO2 through the simulated smectite gouge led to a timedependent change in permeability by 1-2 orders of magnitude, predominantly caused by the
activity of water in the CO2 phase. These permeability changes appear to be reversible, as
suggested by the observation that through-flow of relatively dry CO2 led to an increase in
gouge permeability, as the sample dries out over time, while this increase in sample
permeability can be reversed by passing through CO2 with high water content, and vice versa.
These data suggest that whether the permeability in smectite-bearing claystones would
increase or decrease with continuous flow of CO2 fluid, seems to depend on the water activity
within the material, prior to contact with the CO2-rich fluid, versus the water content of the
CO2-rich fluid. It can be interpreted that water gain or loss plays a dominant role in controlling
permeability changes in smectite-bearing claystone, with CO2 having an additional minor
effect through CO2-water-smectite interactions.
In Chapter 5, I investigate the mechanical response of smectite upon interaction with
CO2, as a function of effective stress. Cyclic loading and unloading stress steps were applied
to a laterally confined Na-SWy-1 and a Ca-SAz-1 montmorillonite sample. The experiments
were performed using He/Ar and CO2 at a pressure of 10 MPa at 40°C. Both samples were
first tested in an air-dry state using water-bearing pore fluid and then tested in a vacuum-dry
state using pure-dry pore fluids. In all experiments using CO2, stress cycling led to a reduction
in apparent stiffness modulus by 30-70%, in comparison to those measured with He/Ar. In
addition, relative swelling strains in the range of 0.5–6% were observed for samples saturated
with CO2 versus He/Ar, overall showing a decreasing trend with increasing effective stress.
The results suggest that this decrease in apparent stiffness of the material saturated with CO 2
is closely linked to the impact of the effective stress on the CO2-sorption capacity of the clay,
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and its associated swelling behavior, i.e. coupling of stress-strain-sorption. Therefore, I fitted
a thermodynamics-based model established for gas sorption on coal to the stress-swelling
strain data obtained for smectites in equilibrium with CO2. The model prediction fits well with
the experimental data, suggesting that the stress-strain-sorption behavior of the smectite-CO2
system is constrained by stress-induced changes in sorption capacity of the smectite with
respect to CO2.
Chapter 6 summarizes the main findings of this study and considers important
implications of our findings for the sealing integrity of clay-rich caprock and faults systems.
Finally, remaining questions within the present study are pointed out and suggestions for
future research are made.
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Samenvatting
Samenvatting
CO2-afvang en -opslag (vaak afgekort als CCS, naar het Engelse “Carbon Capture and
Storage”) is een veelbelovende technologie binnen het portfolio aan maatregelen en
technieken om negatieve CO2-uitstoot te bewerkstelligen. Het concept bestaat uit afvang van
CO2 bij industriële installaties zoals energiecentrales en cementfabrieken, gevolgd door
transport naar geologische reservoirs zoals zoutwater-aquifers of uitgeputte olie- en
gasvelden, waar de afgevangen CO2 vervolgens wordt geïnjecteerd en langdurig ondergronds
opgeslagen. Succesvolle waarborging en langetermijnopsluiting van de geïnjecteerde CO 2 is
afhankelijk van de afsluitintegriteit van het afdekgesteente (oftewel “caprock”) boven het
reservoir en van breuken die het opslagsysteem doorkruisen of begrenzen. Voor veel huidige
en potentiële CO2-opslaglocaties bestaat het voornaamste afdekgesteente uit kleirijke schalies
en kleistenen. Om het risico op lekkage door kleirijke afdekgesteenten en langs aanvankelijk
ondoorlatende breuken goed te kunnen inschatten, moeten we begrijpen hoe klei-houdende
materialen en CO2-rijke vloeistoffen op elkaar inwerken, en hoe deze interacties de
afsluitintegriteit kunnen beïnvloeden onder condities relevant voor ondergrondse opslag.
Zwellende kleimineralen, zoals smectieten, zijn prominent aanwezig in veel kleirijke
afdekgesteenten. Het is bekend dat deze kleimineralen opzwellen wanneer ze in aanraking
komen met CO2 en/of water. Tot dusver is echter nog niet onderzocht wat voor uitwerking dit
zwelgedrag onder in situ condities heeft op de afsluitintegriteit van afdekgesteenten en
breuken. Dit proefschrift beschrijft een experimentele studie naar het
zwelspanningsopbouweffect dat optreedt in smectiet-groep kleimineralen ten gevolge van
volumetoename door interactie met CO2 en water. Verder wordt onderzocht wat dit spanningvervorming-sorptiegedrag van smectitische kleimineralen voor effect heeft op de
transporteigenschappen van smectiet-houdende schalies en breukmelen.
Hoofdstuk 1 van dit proefschrift beschrijft de motivatie, het toepassingsgebied en de
achtergrond van deze studie. Het geeft een korte introductie over de zweleigenschappen van
smectiet onder condities waarbij vrije expansie mogelijk is. Op basis hiervan worden
vervolgens tekortkomingen in de huidige kennis geïdentificeerd en doelstellingen voor dit
onderzoek gedefinieerd.
Hoofdstuk 2 heeft als doel het verifiëren en kwantificeren van het
zwelspanningsopbouweffect dat optreedt wanneer smectitische materialen aan CO 2 worden
blootgesteld onder mechanisch ingesloten condities, i.e. condities waarbij volumetrische
expansie wordt beperkt. Hiertoe zijn eendimensionale, lateraal begrensde compressietests
uitgevoerd op voorgeperste aggregaten van zuivere smectiet-groep kleimineralen (Na-SWy1 en Ca-SAz-1 montmorilloniet) en een zwelklei-houdende schalie (53% smectiet). In deze
experimenten is de opbouw van een axiale effectieve mechanische spanning (i.e.
zwelspanning) door introductie van superkritische CO2 (10 MPa) gemeten onder mechanisch
ingesloten condities bij een temperatuur van 44 °C. Alle geteste monsters zijn vooraf
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geëquilibreerd met lab-omgevingslucht (40-60% relatieve luchtvochtigheid) om een goed
gedefinieerde initiële hydratietoestand te verkrijgen, die vergelijkbaar is met welke in de
ondergrond te verwachten valt, zodat smectiet-groep kleimineralen opzwellen bij
blootstelling aan CO2. Controle-experimenten op Na-SWy-1 smectiet, waar Ar in plaats van
CO2 is gebruikt als poriënvloeistof (10 MPa), vertoonden opbouw van schijnbare
zwelspanningen in de orde van 2-3 MPa. Deze kunnen worden verklaard als poro-elastische
effecten, veroorzaakt door introductie van 10 MPa poriëndruk onder de opgelegde
insluitcondities. Blootstelling van Na-SWy-1 montmorilloniet aan CO2 leidde tot schijnbare
zwelspanningen van 7-11 MPa, gemeten in associatie met toenames in monstervolume van 13 %, in experimenten uitgevoerd onder mechanische spanningstoestanden representatief voor
een diepte van 800-1800 m. Experimenten op Ca-Saz-1 montmorilloniet produceerden 50%
hogere zwelspanningen vergeleken met Na-Swy-1 monsters getest onder dezelfde condities,
wat erop wijst dat de zwelcapaciteit van smectiet-groep kleimineralen afhankelijk is van het
type smectiet, specifiek het type kationen aanwezig in de tussenlagen van het kristalrooster
(Na+ versus Ca2+). Daarnaast is een zwelspanning van 9 MPa gemeten bij blootstelling van
natuurlijke, zwelklei-houdende schalie aan hogedruk CO2, in een experiment uitgevoerd
onder een initiële effectieve lithostatische belasting van 24.7 MPa (equivalent aan een diepte
van 2 km). Dit suggereert dat netto zwelspanningen van tientallen MPa kunnen worden
opgebouwd, in zowel omgevingsluchtdroge smectitische kleien als smectiet-houdende
materialen, bij blootstelling aan CO2 onder mechanisch perfect ingesloten condities, i.e. waar
volumetoename door opzwelling volledig zou worden onderdrukt.
In Hoofdstuk 3 wordt een systematisch onderzoek gepresenteerd naar de ontwikkeling
van zwelspanningen in voorgeperste Na-SWy-1 montmorilloniet-aggregaten door
blootstelling aan 10 MPa CO2 bij verschillende temperaturen en initiële hydratietoestanden.
De vooraf geëquilibreerde hydratietoestanden (H) varieerden van vacuümdroog (H ≈ 0 lagen
met watermoleculen, W), laboratorium luchtvochtigheid (0 W < H < 1 W), tot waterverzadigd
(H ≈ 2 W). De eendimensionale, lateraal begrensde compressietests zijn uitgevoerd bij
temperaturen van 44 tot 80 °C, onder initiële effectieve axiale spanningen van 10-32 MPa.
Controle-experimenten met Ar als poriënvloeistof lieten zwelspanningen zien van slechts ~2
MPa in experimenten op vacuüm- en omgevingsluchtdroge monsters, terwijl zwelspanningen
van 6-8 MPa werden geregistreerd bij blootstelling van initieel waterverzadigde monsters aan
Ar en water op 10 MPa. Binnen het bereik aan hydratiestoestanden dat is getest, produceerde
Na-SWy-1 smectietmonsters zwelspanningen van 5-10 MPa bij blootstelling aan CO2. Deze
zwelspanningen gingen gepaard met toenames in het monstervolume van 1.5-3 %, welke
konden plaatsvinden door elastische vervorming van het testapparaat. In het algemeen namen
de gemeten zwelspanningen af in grootte met hogere initiële effectieve spanning. Wanneer
hogere axiale spanningen werden gebruikt om volumetoename door het opzwellen van het
kleimonster ongedaan te maken, i.e. om een terugkeer naar netto nul expansie te
bewerkstelligen, resulteerde dit in zwelspanningsbepalingen tot 86 MPa voor
omgevingsluchtdroge smectietmonsters. Blootstelling van waterverzadigde monsters aan CO2
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leidde tot zwelspanningen vergelijkbaar met wat werd gemeten bij blootstelling van
waterverzadigde monsters aan Ar en water. Over het algemeen laten de resultaten zien dat
blootstelling van Na-SWy-1 montmorilloniet aan CO2 resulteert in (netto) zwelspanningen
die groter zijn dan poro-elastische effecten. Deze zwelspanningen treden echter alleen op in
smectietmonsters met hydratietoestanden in het bereik 0-1 W, niet onder waterverzadigde
condities. Dit contrasteert met verdere experimenten uitgevoerd op omgevingsluchtdroge
monsters van illietrijke klei. Deze tests lieten zwelspanningen van slechts 1.5-2 MPa zien (na
correctie voor poro-elastische effecten). Dit toont aan dat zweleffecten in smectiet-groep
kleimineralen door sorptie van CO2 niet uitsluitend kunnen worden toegeschreven aan
incorporatie van CO2 in de tussenlagen van het kristalrooster, maar dat dit ook op externe
oppervlakken van de kleideeltjes plaatsvindt.
Hoofdstuk 4 richt zich op het effect van smectiet-CO2-water-interacties op de
transporteigenschappen van smectiet-houdende schalies en breuken gevuld met smectiet-rijke
breukmelen. Het gerapporteerde werk bestaat uit doorlatendheidsmetingen op twee
cilindrische teststukken van Opalinus kleisteen (OPA), waarbij één monster loodrecht op en
één monster parallel aan de sedimentaire bedding is gekernd. Daarnaast is een derde
experiment gedaan op een teststuk bestaande uit een gesimuleerde laag smectiet-houdend
breukmeel ingeklemd tussen twee stalen half-cilinders. Alle experimenten zijn uitgevoerd bij
een temperatuur van 40 °C, gebruikmakend van een stationaire doorstromingsmethode onder
een gemiddelde poriëndruk van 10 MPa. Elk teststuk was in de radiale richting strak
ingesloten in een roestvrijstalen vat, zonder oplegging van een initiële effectieve steundruk.
De
Opalinus
kleisteenkernen
werden
eerst
blootgesteld
aan
meerdere
doorstromingsexperimenten met droge He en droge CO2 als stromingsmedia. Vervolgens
werd het OPA teststuk dat parallel aan de sedimentaire bedding was gekernd kunstmatig
gebroken en onderworpen aan verdere doorstromingstests met natte He, natte CO 2, water,
CO2-verzadigd water, waterverzadigde CO2, waterverzadigde He, droge CO2 en droge He.
Het breukmeelteststuk werd na initiële metingen met droge He en droge CO2 onderworpen
aan afwisselende doorstromingstests met droge en natte CO2. Introductie van droge CO2 door
omgevingsluchtdroge Opalinus kleisteen en zwelklei-rijke breukmelen (initiële
hydratietoestand: H < 1 W voor Na-rijke smectiet en 1W < H < 2W voor Ca-rijke smectiet)
resulteerde in een afname in de doorlatendheid van alle drie de teststukken. De grootte van de
permeabiliteitsafnames varieerde van met een factor 4 tot 9, voor de OPA-monsters, tot meer
dan een orde van grootte, voor het gesimuleerde breukmeel (in vergelijking met controleexperimenten gebruikmakend van He). Deze resultaten suggereren het bestaan van een zelfherstellend vermogen, gerelateerd aan de opzwelling die plaatsvindt wanneer smectieten met
een omgevingsluchtdroge hydratietoestand worden blootgesteld aan doorstroming met droge
CO2. Verder werd geconstateerd dat de permeabiliteit van het smectietbreukmeel ~1 orde van
grootte lager is in aanwezigheid van droge CO2, vergeleken met metingen gebruikmakend van
droge He. Afwisselende doorstroming met waterverzadigde CO2, natte CO2, en droge CO2
leidde tot tijdsafhankelijke veranderingen in de doorlatendheid van het breukmeel (gemeten
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Samenvatting
variatie: 1-2 ordes van grootte), welke voornamelijk veroorzaakt werden door veranderingen
in de chemische activiteit van het water in de CO2 fase. De veranderingen in doorlatendheid
lijken omkeerbaar te zijn, gezien doorstroming met relatief droge CO2 leidde tot progressieve
toename van de breukmeelpermeabiliteit, naarmate het monster verder uitdroogde, terwijl
deze toename ongedaan kon worden gemaakt door het monster vervolgens bloot te stellen aan
doorstroming met natte CO2 met een hoog watergehalte, en vice versa. Deze observaties
suggereren dat een eventuele toe- dan wel afname in de doorlatendheid van smectiethoudende kleistenen, bij doorstroming met CO2-rijke vloeistof, afhankelijk is van de initiele
wateractiviteit in het kleimateriaal versus het watergehalte van de binnendringende CO2-rijke
vloeistof. Er kan worden geconcludeerd dat wateropname versus -verlies een dominante factor
is bij het controlleren van permeabiliteitsveranderingen in smectiet-houdene kleisteen, waar
CO2 zelf een kleinere bijrol speelt via smectiet-CO2-water-interacties.
In Hoofdstuk 5 wordt het mechanische gedrag van smectiet-groep kleimineralen bij
interactie met CO2 onderzocht als functie van de ervaren effectieve spanning. Cyclische
ladings- en ontladingsstappen werden opgelegd aan twee lateraal ingesloten aggregaten van
Na-SWy-1 en Ca-Saz-1 montmorilloniet. De experimenten zijn uitgevoerd bij 40 °C met
He/Ar en CO2 op een druk van 10 MPa. Beide monsters zijn eerst gestest in
omgevingsluchtdroge toestand, gebruikmakend van water-houdende poriënvloeistof, en
daarna getest in vacuümdroge toestand, gebruikmakend van zuiver-droge poriënvloeistoffen.
In alle experimenten met CO2 resulteerde oplegging van ladings- en ontladingscycli tot
afname van de schijnbare stijfheid van de monsters met 30-70 %, in vergelijking met metingen
uitgevoerd met He/Ar. Verder werden volumetoenames van 0.5-6 % waargenomen voor
monsters verzadigd met CO2 versus He/Ar, met in het algemeen een afnemende trend met
hogere effectieve spanningen. Deze resultaten doen vermoeden dat de afname in schijnbare
stijfheid van CO2-verzadigde zwelklei direct gerelateerd is aan de invloed van effectieve
spanning op de CO2-sorptiecapaciteit en het geassocieerde zwelgedrag van smectiet, i.e.
koppelingen in spanning-vervorming-sorptiegedrag. In dit verband is een thermodynamisch
model, oorspronkelijk ontwikkeld voor sorptie van gas op steenkool, toegepast op de
spannings-vervormingsdata voor smectiet in evenwicht met CO2. De modelvoorspellingen
passen goed bij de experimentele data, wat suggereert dat het spanning-vervormingsorptiegedrag van smectiet-CO2 systemen kan worden gevangen in termen van door
spanningstoestand veroorzaakte veranderingen in de CO2-sorptiecapaciteit.
Hoofdstuk 6 geeft een samenvatting van de belangrijkste bevindingen van dit
proefschrift en de implicaties van deze bevindingen voor de afsluitintegriteit van kleirijke
afdekgesteenten en breuksystemen. Tenslotte worden openstaande vragen binnen het huidige
onderzoek geïdentificeerd en suggesties gegeven voor verder onderzoek.
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Chapter 1
1.1 Background and scope of the study
It is now widely accepted that we need to limit the emission of anthropogenic CO2 to
mitigate global temperature increase due to climate change (e.g. IPCC, 2007 & 2014). In order
to reduce CO2 emissions into the atmosphere, several mitigation strategies have been
suggested, such as reducing energy consumption by increasing the efficiency of energy
conversion, switching to less carbon intense fuels, and using renewable energies (Hashim et
al., 2005). However, these options may not be sufficient or implemented timely enough to
maintain global temperature increase below 2 degrees Celsius above pre-industrial levels
(IPCC, 2014). Instead, it is suggested that CO2 capture, utilization and storage (CCUS) may
provide a mid-term solution to mitigate environment impacts from fossil fuel usage until
renewable energy technologies have matured. Long-term storage of carbon dioxide entails
capture of CO2 at source, transport and injection into deep geological formations (> 1 km
depth) (Hepple and Benson, 2005; Holloway, 1997). In addition, CO2 injection into oil and
hydrocarbon reservoirs, to enhance oil and gas recovery (EOR and EGR, respectively) and
simultaneously trapping CO2 in the reservoir, are known and feasible technologies in the
portfolio of CCUS, which make CO2 storage more economically favorable (Cuéllar-Franca
and Azapagic, 2015; Melzer, 2012). Notably, recent research has pointed out that most
climate models cannot meet climate-change goals without the implementation of CCS (Van
Vuuren et al., 2017; IPCC, 2014; Schleussner et al., 2016). To ensure safe and long-term
storage, the identification, assessment and mitigation of leakage risks are the top priority of
any CCS operation. One of the main knowledge gaps in this field relates to the processes
occurring when buoyancy-driven supercritical CO2 (SCCO2) migrates upwards and forms a
CO2 cap below the low permeability caprock, or migrates into faults system. In particular,
little is known regarding the long-term effects of CO2 storage on caprock and fault sealing
efficiency (Gaus, 2010; Shukla et al., 2010).
The motivation for the present thesis is to address the effect of CO2-H2O-clay
interactions on the sealing efficiency of clay-bearing caprocks. In particular, I will focus on
swelling clays, i.e. smectites, such as montmorillonite, which has been shown to sorb water
and CO2 (Loring et al., 2013; Romanov and Myshakin, 2018; Barshad, 1955; Busch et al.,
2016; Rother et al., 2013; Giesting et al., 2012a). In this general introduction, I will briefly
review the present understanding of CO2 trapping by clay-rich caprocks, potential leakage
mechanisms, mechanical and transport processes impacted by fluid-rock interactions and their
effect on reservoir sealing efficiency, specifically sorption of H 2O and/or CO2 onto smectite.
Key issues that need to be addressed are identified and those that will be tackled in the present
study are highlighted.
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1.2 Trapping of CO2 by clay-rich caprock and relevance of fluid-rock
interactions for caprock integrity
Formations considered for CO2 storage include depleted oil/gas reservoirs, unminable
coal seams, and saline aquifers. In general, due to the lower density of supercritical (SC) CO2
compared to reservoir brine, most of the injected CO 2 migrates upwards by buoyancy until it
is trapped underneath the caprock above the reservoir. The main trapping mechanisms
contributing to CO2 storage are therefore structural trapping below the caprock and residual
trapping of CO2 in the pore space (Song and Zhang, 2013). While mineral trapping is believed
to be a favorable mechanism whereby CO2 is converted to solid, stable carbonate minerals,
most reservoirs do not have sufficient reactive minerals to contribute significantly to this type
of trapping (Hangx et al., 2015; Kampman et al., 2014; Gilfillan et al., 2009). During structural
trapping, a continuous, connected gas column will form below the sealing formation. The
caprock sealing capacity will therefore be key to prevent escape of CO 2 into overlying zones
and formations (Miocic et al., 2016). During residual trapping, fluid resides as disconnected
bubbles in pores and is kept in place by capillary forces, inhibiting convective flow and fluid
migration (Busch et al., 2016). In terms of leakage risks, there are four main ways through
which CO2 can leak from the storage reservoir, leading to loss of containment: (1) diffusive
leakage through the caprock, (2) capillary leakage through the limited pore space within the
caprock, when the capillary breakthrough pressure has been exceeded, (3) leakage through
faults or fractures within the caprock, and (4) well bore leakage, along degraded or
inappropriately abandoned legacy wells (Song et al. 2013). With three out of four leakage
pathways concerning the seal formation, caprock integrity is an important factor controlling
the sealing efficiency of the caprock, as well as containment security. Among those leakage
processes, leakage through faults or fracture networks can be rapid and significant, whereas
diffusive loss is usually low and capillary leakage can be prevented by maintaining the
maximum pressure at the reservoir-caprock interface below the capillary entry pressure of the
seal (Chadwick et al., 2008).
Many present and potential CO2 storage reservoirs are sealed by mudrock or shale
caprocks, whose generally low permeability is predominantly caused by the presence of clay
minerals (Hangx et al., 2015; Espinoza and Santamarina, 2012; Armitage et al., 2013;
Chadwick et al., 2004; Espinoza and Santamarina, 2017). For example, the caprocks overlying
the reservoirs of the Frio (USA), SACROC (USA) and Sleipner (Norway) storage sites consist
of more than 50% of clay minerals (Espinoza and Santamarina, 2017). Smectites, also wellknown as. swelling clays, are common constituents of sedimentary type caprocks and are
often present in faults that laterally seal potential storage reservoirs, at least at depths up to
about 2-3 km (80 C). Particularly in the North Sea, which is considered to be the main target
for offshore storage of CO2 in Europe and especially in the Netherlands, smectite occasionally
dominates the total clay mineralogy as well as the mineralogy of individual argillite units
(Pearson, 1990). As such, a better understanding of the interactions between CO2 and swelling
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clays is essential to assess its potential on the sealing efficiency of smectite-bearing caprock
(Busch et al. 2016).

1.3 Hydration, sorption and swelling of smectite clays
1.3.1 Smectite structure and swelling with respect to hydration
Smectite clays consist of stacked silicate layers, separated by an interlayer “gallery”
region. As shown in Figure 1, each layer is composed of two Si-O tetrahedral (T) sheets
sandwiching an Al-O octahedral (O) sheet, yielding a so-called TOT structure (Schoonheydt
and Johnston, 2013; Bibi et al., 2016; Grim, 1962). These layers are negatively charged due
to isomorphous substitutions, e.g. Al3+ for Si4+ in the tetrahedral and Fe2+ or Mg2+ for Al3+ in
the octahedral sheet, as shown in Fig. 1A. Therefore, exchangeable multivalent cations (e.g.
Na+, K+ and Ca2+) are incorporated into the interlayer region to counteract this negative
charge. These cations in turn attract water molecules into the interlayer region, causing
swelling of the smectite lattice normal to the basal silicate sheet plane, as shown in Fig. 1B.

A

B

Figure 1. Schematic diagram illustrating the structure of smectite clay. A) The basic structure
consisting of octahedral and tetrahedral sheets, whose negative charge is balanced by
interlayer cations. B) Incorporation of water into the interlayer leads to swelling of the
smectite structure. The amount of swelling is dependent on the number of water layers (W, i.e.
1W, 2W or 3W) that are incorporated (modified after Grim, 1968).
The extent of interlayer hydration, i.e. the amount of interlayer water, can be probed
using spectroscopic techniques such as X-ray diffraction (XRD) and quantified through the
measured basal spacing (d001) (e.g. Harward and Brindley, 1965; Sato, 1992; Watanabe and
Sato, 1988; Mooney et al., 1952). Previous studied have clearly demonstrated that interlayer
hydration proceeds in a stepwise manner, characterized by a step-wise increase in basal
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spacing (d001) from ~10 Å to ~12.5Å to 15.5 Å and 19 Å, corresponding to hydration states
ranging from a fully collapsed interlayer structure to the states with 1,2 and 3 layers of water
molecules intercalated into the interlayer space (Bishop et al., 1994; Ferrage et al., 2005;
Ferrage et al., 2007; Cases et al., 1992; Cases et al., 1997; Berend et al., 1995). The above
four integral hydration states are hence referred to as 0W, 1W, 2W and 3W hydration states,
respectively (Ferrage et al., 2005). Note that, the hydration state, d001 spacing and swelling
effect are influenced by temperature, ambient water activity or relative humidity, the nature
of the interlayer cations and the surface charge of the silicate layers (e.g. Brigatti et al., 2006;
Schoonheydt and Johnston, 2013; Norrish, 1954; Mooney et al., 1952). However, a positive
Terzaghi effective stress causes a dehydration effect under upper crustal conditions, (Hüpers
and Kopf, 2012; Fitts and Brown, 1999), e.g. an effective stress in excess of 5MPa is reported
to cause dehydration of smectites from 3W hydration state towards 2W, as water is expelled
from the interlayer upon the application of stress. Modelling studies estimate that smectite is
likely to pertain a basal spacing of 10-15 Å (0–2W hydration state) at burial depths of 1–2km
(cf. Wentinck and Busch, 2017; Bird, 1984). However, the specific hydration state of
smectites under in-situ reservoir conditions cannot be precisely constrained, due to a lack of
experimental data on hydration state versus effective stress.

1.3.2 CO2 interactions with smectite clay
Recent experimental studies using X-ray diffraction and other spectroscopic methods
have shown that in addition to swelling due to interlayer water uptake, swelling (i.e. expansion
in the d001 basal spacing) also occurs in smectite clays when exposed to supercritical CO2
under unconfined hydrostatic conditions (Giesting et al., 2012a, b; Schaef et al., 2012, 2015;
Ilton et al. 2012; Loring et al., 2012, 2014; Rother et al., 2013; Michels et al., 2015). This
swelling is attributed to interlayer uptake of CO2 via adsorption, which can be significant,
depending on the clay mineral type and its initial hydration state (cf. review by Busch et al.
2016). Such swelling effects only occur when the initial hydration state of the smectite clay
is less than 2W and contains only a partially filled water layer, i.e. an intermediate hydration
state. Na-montmorillonite with an initial hydration state between 0W and 1W is capable of
swelling by up to ~12 percent when exposed to hydrostatic CO 2 pressures up to 15MPa at
temperature of 40–50°C (cf. Giesting et al., 2012a; Rother et al., 2013; De Jong et al., 2014).
Ca-montmorillonites also show significant swelling for hydration states (H) of 0W<H<1W
and 1W<H<2W, with swelling strains of up to ~15% at CO 2 pressures and temperatures
relevant for reservoir conditions (cf. Giesting et al., 2012b; Schaef et al., 2012). However, at
0W and discrete or integral hydration states (i.e. H=1W or H=2W), exposure to SCCO 2 seems
to cause neither swelling nor shrinkage to the interlayer spacing. Furthermore, at higher
hydration states (H>2W), shrinkage of the interlayer spacing was observed due to exposure
to dry CO2 (Schaef et al. 2012), indicating water loss from the interlayer, possibly by water
dissolving into the dry CO2 phase (Schaef et al., 2012; Giesting et al., 2012b). A compilation
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of maximum interlayer expansion (d001 spacing increment) versus initial hydration state
(indicated by d_001 spacing) is given in Figure 2 (adopted from Busch et al., 2016).
The intermediate hydration states playing a role in CO2-induced swelling are believed
to exist at pressure-temperature conditions typical for potential CO2 storage sites located at
depths of up to 2-3 km (e.g. predicted by Bird 1984). Furthermore, these hydration states are
expected especially in caprocks that are not fully water saturated, such as those overlying
depleted oil and gas reservoir system. However, since the exact hydration state of clays under
in-situ conditions is poorly constrained, it is not possible to assess the potential impact of CO 2induced swelling of smectite clays in the context of CO2 storage. Yet, the impact of swelling
under confinement is currently unknown.

Figure 2. Diagram illustrating the potential for swelling or shrinkage, i.e. a change in d 001spacing, of smectite clay upon exposure to dry CO2 under unconfined conditions at 40–50 °C.
Note that the amount of swelling, i.e. the final d 0001-spacing, is strongly dependent on the
initial hydration state, i.e. the initial d001-spacing, with more swelling occurring at
intermediate hydration states, such as 0W<H<1W (obtained from Busch et al., 2016).

1.3.3 Impact of CO2-induced swelling of smectite clays on mechanical
properties
Injection of CO2 into potential reservoirs will lead to an increase in pore fluid pressure,
causing a direct poro-elastic response of the reservoir formation (Wang, 2000). Additionally,
thermal stresses can develop in the reservoir and caprock, especially near the injection well,
due to the injection of high-pressure, relatively cold CO2 into a low-pressure, warm
environment, leading to expansion of the CO2 and subsequent cooling and shrinkage of the
surrounding rock mass (Preisig and Prevost, 2011; Vilarassa et al., 2014). Generally, such

22

local stress changes have the potential to affect the integrity of the caprock and sealing faults
in two ways. On the one hand, an increase in the local stress components increases the normal
stress acting on pre-existing faults and fractures, aiding in the closure of pre-existing fractures
and improving the frictional strength of any faults, hence enhancing sealing integrity of the
caprock. On the other hand, a reduction in the effective stress acting on fracture and fault
planes could potentially lead to fracture nucleation and propagation, or/ and fault dilatation
and reactivation (e.g. Brace 1978; Hooper, 1991; Kaldi et al., 2013; Miocic et al., 2016), which
may create pathways for structural leakage and impose leakage risk (Song and Zhang, 2013).
Regarding the latter, penetration of smectite-bearing faults and fractures by CO2 will result in
local swelling of the clay-rich matrix, which could impact the local state of stress, as well as
the transport properties of the fracture or fault.
Whereas poro-elastic and thermal stress changes are extensively investigated through
experimental studies and numerical simulations (Rutqvist et al., 2016; Rutqvist et al., 2008;
Cappa and Rutqvist, 2011; Vilarrasa et al., 2014), the potential build-up of (swelling) stresses
related to volumetric expansion of the rock matrix due to interaction with CO 2-bearing fluid
is not well studied. With respect to smectite-CO2 interactions, CO2-induced swelling as
documented under hydrostatic conditions is expected to exert swelling stresses to surrounding
rocks under constrained in-situ conditions, which is analogous to development of swelling
stress in swelling clays due to water uptake (Massat et al., 2016; Tessier et al., 1998; Wang et
al., 2014), or even swelling stresses developing in coal due to CO 2 adsorption (Liu et al, Hol
et al, van Bergen et al.). This self-stressing of the rock matrix could lead to the closure of preexisting fractures and fault, reducing or even halting fluid leakage out of the storage reservoir.
However, if stress build-up is too large it could potentially lead to self-fracturing of the
caprock, thereby enhancing the leakage potential. The lack of experimental data on swelling
stresses possibly exerted by swelling clays upon CO2 exposure limits the evaluation the selfstressing potential of smectite on fault stability and caprock integrity.

1.3.4 Effect of CO2-induced swelling on the transport properties of clay-rich
caprock
The sealing capacity of clay-rich rocks has been widely investigated by experimental
and modelling studies, particularly in the context of CO2 storage (Galán and Aparicio, 2014).
Migration of CO2 through the caprock can occur either by diffusion and convection. For intact,
low permeability caprock, diffusion will be the dominating process, being controlled by the
effective diffusion coefficient Deff of the caprock. Most clay-rick caprocks have a Deff value
in the range of 10−9–10−12 m2/s (Fleury et al., 2009; Gaus et al., 2005; Amann-Hildenbrand et
al., 2013), meaning that diffusive leakage is unlikely to be significant (Michael et al., 2010;
Busch et al., 2016; Kampman et al., 2016).
However, flow of CO2 along fluid pathways, such as connected pores, fractures and
faults, may pose a significant leakage risk. These flow pathways can be pre-existing or be the
result of CO2 injection, such a thermally-induced cracking or swelling-induced self-fracturing
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(Kaldi, 2011; Kaldi et al., 2013). Flow processes in these conduits can be either self-enhanced
or self-inhibited by CO2-rock interactions. Chemical reactions leading to the precipitation of
minerals and/or sorption-induced swelling of clay minerals, will result in a reduction of the
porosity and permeability of the caprock-faults system (Karacan, 2007), whereas mineral
dissolution or shrinkage of clays due to desiccation may induce new fractures or open-up
existing pathways, resulting in enhanced permeability (Song and Zhang, 2013). These
processes can occur simultaneously in a storage system, with a complex interplay between the
different processes, as each depends on the direction, rate and magnitude of these interactions.
At present, the swelling/shrinkage behaviour of smectite clays is still poorly quantified,
particularly under in-situ conditions, and little is known regarding the impact of CO2-induced
swelling/shrinkage on fracture permeability, making accurate predictions on containment
integrity challenging.

1.3.5 The CO2 sorption by clay minerals and its relevance for storage capacity
In addition to structural and residual trapping mechanisms as explained in Section 1.2,
CO2 adsorption by smectite clay can potentially provide a contribution to the CO 2 storage
capacity of clay-rich reservoirs or formations (Song and Zhang, 2013; Busch et al., 2016).
Sorption experiments have shown that clay minerals have significant sorption capacity with
respect to CO2 (Busch et al., 2008; Heller and Zoback, 2014; Jeon et al., 2014). Particularly,
for smectite clays (montmorillonite) documented CO2 sorption capacities range from 0.8–1.6
mmol/g (Hwang et al., 2019), implying that smectite-bearing formations may considerably
contribute to the total storage capacity through adsorption-related trapping. However, the high
capacity of CO2 adsorption on smectite clays is mainly determined at hydrostatic condition,
with no stress in excess of the fluid pressure being applied to the matrix of the material.
However, many previous studies have shown that applied effective stress on a solid matrix
changes its sorption capacity (e.g. for coal, see Hol et al. 2011 & 2012; Liu et al., 2017),
resulting in lower sorption with increasing effective stress. Therefore, in the context of CCS,
where the reservoir formations and caprocks are subject to overburden stress, it is important
to get a better understanding of the effect of effective stress on the sorption capacity of
smectites, in order to be able to better evaluate the storage capacity of clay-bearing reservoir
formations.
As mentioned above, coupling of stress-strain-sorption behavior in coal-CO2 systems is
potentially analogous to the process occurring in clays and has been investigated extensively
(Hol et al., 2011; 2012a; Liu et al. ,2014 & 2017). For the coal-fluid system, a thermodynamic
model was developed to describe the equilibrium concentration of fluid species (e.g. water
vapor, or mixture of CH4 and CO2) adsorbed to coal in single and binary phase systems, and
the impact of compressive stresses applied in excess of the fluid pressure on sorption.
However, the validity of the model to the smectite-H2O-CO2 system still needs to be
investigated.
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1.4 Aims of this study and thesis structure
On the basis of the above, it is evident that understanding sorption processes in smectiterich rocks under realistic storage conditions are vital to improve our understating of the
implications of these interactions for sealing efficiency, hence facilitating leakage risk
evaluation and management. In particular, the mechanical effect associated with smectite
swelling /shrinkage due to interactions with CO2 and/or H2O under in-situ temperature,
pressure, and moisture conditions (i.e. coupling of stress-strain-sorption process) is poorly
understood. In addition, data is needed on the impact of the volumetric effects of CO 2-smectite
interactions and how they will affect the transport properties of smectite-bearing caprocks and
fractures/faults filled with clay-rich gouge. Furthermore, a model constraining the stressstrain-sorption behaviour of smectite upon interaction with H2O and CO2 is needed to upscale
the lab findings to storage systems, evaluating caprock performance and reservoir storage
capacity using numerical simulations.
This study addresses these points by providing data obtained in compression tests and
flow-through tests on smectite and smectite-rich materials at conditions relevant for CO2
subsurface storage, to constrain the swelling stress developed upon smectite swelling and to
explore the evolution of transport properties of the smectite-bearing materials. The
mechanisms behind CO2-smectite-H2O interactions are discussed, and implications of the
stress-strain-sorption behaviour for sealing integrity of smectite-bearing caprocks are
considered. Accordingly, the specific aims for this thesis are defined and structured as
follows:
(1) In Chapter 2, I verify the occurrence of the self-stressing effect and determine the
magnitude of the swelling stress exerted by confined smectite materials upon
swelling due to exposure to CO2. Experiments are performed at smectite hydration
states reported to exhibit swelling behavior (0 W<H<1 W) and at temperature
(T=44°C), CO2 pressure (10MPa) and effect stress conditions relevant for caprocks
located at a depth of 0.8-2.0km. Two types of naturally occurring (Ca- and Na-rich)
smectite and one type of smectite-bearing shale material (~50% smectite, from a
North Sea gas field) are tested. The effects of interlayer cations (Ca 2+ and Na+) and
applied effective stress are also explored.
(2) In Chapter 3, I systematically evaluate the occurrence of the CO 2-sorption induced
self-stressing effect and the magnitude of the swelling stress on Na-rich smectite
hydration state, i.e. dried in vacuum (H≈0W), dried to lab air humidity (0W<H<1W),
and water saturated (H≈2W). Mechanisms responsible for measured swelling
stresses upon introduction of CO2 to Na-rich smectite will be analyzed. Additionally,
I will investigate the effect of temperature and effective stress on CO 2 sorption
induced swelling strains and stresses in smectite, thereby constraining the mechanical
effect induced by CO2-H2O-smectite interactions under conditions relevant for
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geological CO2 storage (e.g. H2O content, fluid pressure, effective stress and
temperature).
(3) In Chapter 4, I evaluate the effect of CO2-H2O-smectite interactions on the transport
properties of smectite-bearing clay rocks and faults. To do so, I conduct permeability
experiments on laterally constrained intact Opalinus Clay cores, as well as a
simulated smectite gouge (Na-SWy-1 montmorillonite) employing inert, dry and wet
He, in addition to dry and wet CO2, at a mean pressure of 10MPa at 40°C. In addition,
a fractured Opalinus Clay is tested, using dry He and CO2, followed by flow-through
sequences of wet He, wet CO2, liquid water, CO2 saturated water, water saturated
CO2, water saturated He and dry CO2 to systematically evaluate the effect of
chemical environment on swelling and fracture permeability. I will analyze possible
mechanisms affecting the change of transport properties as measured in our study,
and explore implications of these affects for the sealing capacity of fractured and
faulted caprocks.
(4) In Chapter 5, I quantify stress-strain-sorption coupling and its effect on the apparent
mechanical response of smectite aggregates to applied effective stress
increments/decrements, under CO2-saturated versus He and/or Ar saturated
conditions. I apply stepwise loading and unloading (or unloading and loading) cycles
to laterally constrained pre-pressed SAz-1 and SWy-1 smectite disks. Each sample
is first tested under air-dry conditions, using “wet” pore fluid pressure at 10MPa (He,
Ar, and CO2, relative humidity≈20%), and then tested under vacuum-dry conditions
using dry (pure) He and dry CO2 (pore pressure of 10 MPa). I will present evidence
showing that sorption/desorption of CO2 and H2O leads to a decrease in apparent
stiffness of compacted smectite disks saturated with CO2 in comparison to saturation
with He or Ar. In addition, the factors controlling the kinetics of CO 2-smectite and
H2O-smectite interactions and the role of effective stress are analyzed.
(5) In Chapter 5, I also present relative swelling (strain) versus applied effective stress
data for smectites disks (SWy-1 and SAz-1 montmorillonite) saturated with CO2
pressure in comparison to saturated with He pressure. I will compare the
experimental strain-stress data with a thermodynamical model established for
sorption process in coal, verifying the applicability of this model in describing the
stress-strain-sorption behavior of smectite clays exposed to CO2 based on a few
assumptions. Further, implications of the trends as predicted from model-fitting for
CO2 storage capacity is considered. predict the stress-strain-behavior of smectite
clays exposed to CO2.
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Abstract
Recent work has shown that unconfined smectite clays swell upon exposure to
supercritical (SC) CO2 due to uptake in the clay interlayer region. Such swelling behavior is
expected to cause internal stress development under geometrically confined conditions
pertaining to geological storage of CO2, but this has not been widely investigated. Here, we
report uniaxial compaction/swelling tests performed, using a 1-D compaction cell, on prepressed discs of Wyoming (Na-SWy-1) and Arizona (Ca-SAz-1) montmorillonite, as well as
on smectite-bearing shale. We explore the axial (Terzaghi) effective stress generated in these
materials upon exposure to 10 MPa CO2 pressure under conditions where total swelling
(including poroelastic effects) is restricted to axial strains below 3%. The experiments were
performed at 44 °C. In each experiment, the sample was first equilibrated with lab air
(RH≈40%-60% at T=20-25°C) at the experimental temperature and pre-compacted at 60
MPa axial stress to generate a dense reproducible microstructure. A lower axial normal stress
of 25.9 to 40.9 MPa was then applied and the loading piston held in fixed position. This
yielded an effective (Terzaghi) overburden stress of 9.6 to 24.7 MPa upon introduction of CO2
at 10 MPa, thus simulating burial depths of 0.8 to 2.0 km. Following CO2 introduction, axial
swelling stresses developed rapidly, independently of the direct effect of increased pore
pressure, attaining values of 7.1 to 12.4 MPa at equilibrium, compared with 2 MPa obtained
using inert Ar. Experiments on Na-SWy-1 montmorillonite showed that the swelling stress
generated upon exposure to CO2 decreases with increasing initial and final effective normal
stress, suggesting that overburden stress suppresses swelling (stress) development in smectite,
presumably by limiting the amount of CO2 uptake by the material investigated. The swelling
stresses observed imply that CO2 penetration into caprocks and faults in geological storage
systems will lead to an increase in effective normal stress components, which in turn will tend
to promote closure of fractures and enhance sealing integrity. However, further work is
needed to improve understanding of the processes underlying the swelling of smectite caused
by CO2 and to evaluate any risks posed to caprock and fault integrity by swelling-induced
shear stresses.

2.1 Introduction
Long-term storage of carbon dioxide in deep geological formations presents an
important option for reducing emissions of anthropogenic greenhouse gases into the
atmosphere (Hepple and Benson, 2005; Holloway, 1997), that is gaining new momentum
since the 2016 Paris Climate Agreement (UNFCCC, 2016). One of the main knowledge gaps
in this field relates to the processes occurring when supercritical CO2 migrates slowly into the
low permeability fracture and pore networks present in caprocks and faults. In particular, little
is known regarding the long-term effects of CO2 storage on caprock and fault sealing integrity
(Gaus, 2010; Shukla et al., 2010). Many potential storage reservoirs are sealed by mudrock or
shale caprocks, the generally low permeability of which is predominantly caused by the

34

presence of clay minerals (Song and Zhang, 2013). Smectites (i.e. swelling clays, such as
montmorillonites) are common constituents of such rocks and are often present in faults that
laterally seal potential storage reservoirs, at least at depths up to about 2-3 km (80 C). At
greater depths, smectites generally start to transform to the non-swelling clay mineral, illite
(Lynch et al.,1997 and Hover et al., 1976). Large sedimentary basins, such as in the North
Sea, frequently contain large amounts of smectite that sometimes even dominate the total clay
mineralogy as well as the mineralogy of individual argillite units (Pearson, 1990). The North
Sea is considered to be the main target for offshore storage of CO2 in Europe. This makes the
interaction between CO2 and swelling clays an important and timely topic to investigate
(Busch et al. 2016; Espinoza and Santamarina, 2012).
The crystal structure of smectites is characterized by alternating tetrahedral and
octahedral silicate sheets separated by an interlayer “gallery” region. Solid solution
substitutions in the silicate sheet structure impart excess negative charge, which attracts
charge-balancing cations and an associated cage of water molecules into the interlayer region
(Sato et al., 1992, Prost et al., 1998). Uptake of these water molecules, in layers up to three
molecules thick, causes the structure to expand or shrink normal to the silicate sheets,
depending on temperature, pressure, water activity and clay composition ( Xu et al. 2000;
Sato et al., 1992; Harward and Brindley, 1965; Bishop et al., 1994; Sposito and Prost, 1982;
Prost et al. 1998). This expansion is referred to as clay swelling and is known to occur in a
stepwise manner (Mooney et al., 1952; Norrish, 1954), giving rise to specific values of the
interlayer spacing or d001–spacing, corresponding to uptake of 1, 2 or 3 discrete layers of water
molecules.
Recent experimental studies (Giesting et al., 2012a, b; Schaef et al., 2012, 2015; Ilton
et al. 2012; Loring et al., 2012, 2014; Rother et al., 2013; de Jong et al., 2014; Michels et al.,
2015;) have shown that besides the well-known swelling effects, seen when smectites take up
interlayer water, smectites can also swell by a few percent when exposed to supercritical CO2
under unconfined hydrostatic conditions. This swelling is attributed to interlayer uptake of
CO2 via adsorption, which can be significant depending on the clay mineral type and its
hydration state (Busch et al. 2016). The effect occurs if the initial hydration state of the
smectites is intermediate between ‘n’ and “n+1’ complete hydration layers. For example,
SWy-1 montmorillonite swells when charged with CO2 at initial hydration states between
fully dry (basal d-spacing d001 ≤ 10.0 Å) and having one water layer in the smectite interlayer
structure (d001  12.4 Å) (c.f. Giesting et al., 2012a; De Jong et al., 2014). Ca-montmorillonites
show similar behaviour at hydration states between 0 and 1 and between 1 and 2 water layers
(c.f. Giesting et al., 2012b; Schaef et al., 2012). These intermediate hydration states are
believed to exist at the pressure-temperature conditions typical of potential CO2 storage sites
located at depths up to 2-3 km (e.g. Bird 1984), especially in caprocks that are not fully water
saturated, such as those overlying depleted oil and gas reservoir system.
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However, whereas CO2-induced swelling has been observed in experiments conducted
under mechanically unconfined conditions (sample surrounded by hydrostatic CO2 pressure
and free to swell), no data exist on the relationship between stress state and CO 2-induced
swelling of smectite minerals under confined conditions, i.e. where the material is subjected
to an existing effective stress and is not free to swell. Under in-situ conditions, rock is unable
to swell freely, especially laterally. This means that an increase in effective stress components,
i.e. a self-stressing effect, can be expected which could potentially close CO2-filled pores and
cracks in caprocks and faults, thus enhancing their sealing capacity, or else cause mechanical
damage which would reduce seal integrity if deviatoric stresses become large enough. On the
other hand, the stress experienced by the solid framework might suppress CO 2 uptake, as
recently reported for CO2 sorption in coal (e.g. Hol et al., 2011, 2012; Liu et al., 2016).
In the present study, we investigated the stresses that develop when smectites are
exposed to supercritical CO2 under conditions where swelling is restricted and under pressure,
temperature and smectite hydration conditions similar to those expected in subsurface CO 2
storage systems. We approached this by means of laterally confined, uniaxial compression (1D strain) experiments performed on samples of well-characterized montmorillonite, a
common upper crustal smectite, plus one further test on smectite-bearing shale. The tests were
conducted by introducing supercritical CO2 into pre-pressed discs of these materials at ~44°C
and at axial stresses simulating burial depths of ~0.8 to 2.0 km. Here, we report changes in
the (Terzaghi) effective stress that occurred due to sample swelling in the axial direction
(including poro-elastic effects), which we term the swelling stress. We go on to consider the
implications for CO2 storage.

2.2 Experimental approach
Three series of laterally confined compression/ swelling experiments were performed
(see Table 1), using a 1-D compaction vessel to allow axial loading with zero lateral strain.
The first series of experiments (Series S1), performed on sample numbers 1 to 5 (denoted S1M1 to S1-M5), was primarily aimed at investigating the development of swelling stress in
different smectite (bearing) materials (Na-SWy-1 montmorillonite, Ca-SAz-1
montmorillonite and smectite shale) under a fixed initial vertical (i.e. axial) stress. The second
series (S2), performed on sample numbers 6 to 13 (denoted S2-M6 to S2-M13), focused on
Na-SWy-1 montmorillonite samples subjected to different initial axial stresses (simulated
overburden stress). This series was aimed at providing additional data on the effect of
overburden stress on swelling stress development, with increased accuracy in measuring small
associated swelling strains. In addition, 3 swelling stress tests (Series 3, S3-M1 to S3-M3)
were performed on Na-SWy-1 samples using Ar at 10MPa, assuming this to behave as an
inert pore-fluid that does not penetrate into clay interlayer structure (Eltantawy and Arnold,
1972). These control experiments were performed to quantify poro-elastic stress changes due
to pore fluid pressurization, independently of CO2-related swelling. In each of these control
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tests, cyclic loading and unloading was conducted after swelling stress measurement, to
provide representative data on the uniaxial stiffness modulus of the present samples.

As indicated above, the experiments were conducted on two types of naturally occurring
montmorillonites, namely Na-rich Wyoming type (Na-SWy-1) and Ca-rich Arizona type (CaSAz-1). These were obtained from the Source Clays Repository of The Clay Minerals Society
and have been extensively characterized in the past (e.g. van Olphen and Fripiat, 1979). NaSWy-1 is a low charge montmorillonite with solid substitutions occurring in both the tetraand octahedral sheet; the interlayer cation largely consists of sodium. Ca-SAz-1 is a high
charge montmorillonite with solid substitutions occurring solely in the tetrahedral sheet. The
interlayer cations present in this montmorillonite are mainly calcium, with smaller amounts
of potassium and sodium. Note that no attempt was made to purify the samples by cation
exchange procedures. The two montmorillonites were used, in “as received” powder form,
without any chemical pre-treatment or grain size fractionation. One additional experiment was
conducted on a typical smectite-bearing shale, from a North Sea gas field, for which XRD
analysis showed the smectite content to be 53%. The remaining constituents of the shale were
illite (13.7%), kaolinite (11.5%), quartz (11.7%) and smaller quantities of calcite, plagioclase
and chlorite (less than 7% in total). This material was crushed prior to use, using a pestle and
mortar, until finer than the mesh of a 37 m sieve.
All swelling stress experiments were conducted using 99.999% pure CO 2. The control
experiments were performed with 99.99% pure Ar. Both fluids were supplied by Air Products
NL.

2.2.2 Sample preparation
The experiments were performed on disc-shaped samples of the clay-bearing materials
investigated. The samples were pre-formed and subsequently pre-compacted and then tested
in the titanium sample vessel shown in Figure 1a. Pre-forming was accomplished as follows.
First, ~0.15 gram of sample powder was distributed evenly in the titanium vessel (inner
diameter

inn = 12.15 mm, outer diameter out =19.1mm; Liteanu and Spiers, 2009). This was

then lightly compressed by hand between the upper and lower titanium pistons to yield a flat,
disc-shaped sample of ~1mm thickness. A 1mm thick circular Titanium porous plate
(diameter=12.15mm, porosity ~50%, pore size ~5 µm), was subsequently placed between the
sample and upper Titanium piston, to act as a filter and fluid distributor. The titanium vessel,
plus sample, Ti porous plate and pistons (referred to henceforth as the sample assembly), were
then transferred to the main experimental apparatus.

2.2.3. Experimental apparatus
Swelling stress was measured by exposing the disc-shaped samples to a CO2 pressure
of ~10MPa under mechanical conditions that prevented the samples from swelling laterally
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and vertically (other than for small amounts of machine distortion). To achieve this, an
oedometer-type pressure vessel (i.e. a 1-D compaction vessel) made of hardened stainless
steel (Remanit 4122) was used to house the Ti vessel and sample assembly (Figure 1a),
applying axial load and/or imposing fixed position boundary conditions to the sample
assembly, using an Instron 8862 servo-controlled testing machine (Figure 1b).
In this set-up, the titanium sample assembly (Figure 1a) was axially loaded via two
Remanit pistons (diameter 19.1mm) sealed against the Remanit vessel with Viton O-rings.
The temperature of the system was controlled using an external furnace. This was regulated
by means of a Eurotherm temperature controller connected to a type K thermocouple located
in the external furnace windings. Sample temperature was measured using a second type K
thermocouple placed in a small recess in the outer Remanit pressure vessel at a distance of
~0.5mm from the titanium sample vessel. Axial load was measured externally, using a 100kN
Instron load cell mounted on the Instron cross-head above the upper Remanit pistons (Figure
1b). Piston displacement (sample thickness change) plus overall machine deformation was
measured using a displacement transducer (linear variable differential transformer-LVDT)
located in the Instron loading ram (internal LVDT). Displacement of the upper Remanit piston
relative to the top surface of the compaction vessel, hence the deformation occurring in the
sample plus all components located between the top Remanit piston and the bottom Remanit
piston, was measured using a second external LVDT (Figure 1b). In the first series of
experiments (S1-M1 to S1-M5), an external LVDT with a full scale displacement of 2 mm
and a resolution of ±0.25 μm was used. In the second series (S2-M6 to S2-M13) and third
series (S3-M1 to S3-M3), this was replaced by a more sensitive type (Solartron, Model-DFg1)
with a full scale displacement of 2 mm and effective resolution <0.1μm.
In the Series 1 and Series 2 experiments, CO2 pressure was applied to the samples
through a CO2 inlet in the upper Remanit piston, as shown in Figure 1b. CO2 was initially
supplied from a CO2 cylinder (5MPa) via a line regulator and valve, and then further
pressurized to and controlled at 10 MPa using a separator. This was primed with CO2 on the
sample side and backed with Argon supplied from a regulated (20MPa) cylinder. For accurate
pressure measurement near the sample, a Honeywell MSI (0 ~ 35 MPa) pressure transducer
was placed adjacent to the CO2 inlet pipe at the entry-point to the upper Remanit piston.
The Series 3 control experiments, performed with Ar, used the same set-up as that
employed in the second series of swelling stress experiments. In this case, however, the Ar
pore fluid was directly introduced from a gas cylinder (bottle pressure ~20 MPa) via the CO2
inlet as shown in Figure 1b, with the pressure being adjusted and maintained by a regulator
installed to the outlet of the gas bottle.
In all three series of experiments, the internal and external LVDT signal, axial load,
temperature and CO2 pressure signals were logged digitally, at a frequency of 1Hz, using a
National Instruments VI Logger system plus PC.
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(a)

(b)

Figure 1. Schematic representation of the set-up used for measuring the swelling stress
generated in pre-pressed smectite discs upon exposure to supercritical-CO2. (a) Sample
assembly including sample housed in Ti die/vessel, upper Ti piston with central bore, a Ti
porous plate (1mm thick) allowing pore fluid access to the sample and a Ti lower
piston/spacer; (b) Uniaxial loading system. Sample assembly is located and loaded within in
the Remanit stainless steel compaction vessel. In the first and second series of experiments,
CO2 pressure was injected into the sample through the upper piston column (and Ti porous
plate). CO2 pressure was controlled using a separator primed with CO2 connected to the CO2
inlet, with the other side backed up by Ar regulated at 10MPa pressure. In the third series of
(control) experiments, Ar gas was directly injected from an Ar cylinder into the sample.

2.2.4 Testing procedure
2.2.4.1. Series 1 and 2 experiments
Following sample preparation, the titanium sample assembly was placed in the pressure
vessel and the top piston was emplaced. The entire compaction set-up was then mounted into
the Instron loading frame. The assembly was subsequently heated to 44±1.5°C, with the
sample and pore fluid system drained to lab air to allow equilibration with the ambient relative
humidity RH=40-60%, using the Instron to apply a small load to the sample. This temperature
was chosen to ensure that the initial hydration state of the smectite, at ambient RH, would fall
at a level between zero and one interlayer of water molecules for Na-SWy-1, and one to two
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layers of interlayer water molecules for Ca-SAz-1, noting that the specific d100–spacing
achieved is difficult to constrain (De Jong et al., 2014; Ferrage et al., 2007). When thermally
equilibrated, a pre-compaction load was applied to create samples of fixed initial thickness
(~0.6-0.7mm). In each of the individual Series 1 and Series 2 experiments performed (on NaSWy-1, Ca-SAz-1 and smectite shale), a pre-compaction stress (pre) of 60 MPa was applied
for about four hours, during which time the sample first compacted rapidly, with the
compaction rate decreasing with time until little or no creep was observed. Pre-compaction
was done to ensure that all samples tested experienced the same initial loading history and to
eliminate permanent compaction effects due to frictional/ductile flow at lower applied stresses.
Given the mass of the samples and their dimensions after pre-compaction, in comparison with
the dry grain density of the Na-SWy-1 and Ca-SAz-1 clays (~2.2g/cm3), the bulk porosity of
the pre-compacted samples was around 15-25%. After pre-compaction, the applied axial
stress was reduced to a starting value (σstart) varying in the range of 26 to 41MPa (Table 1), to
achieve simulated overburden stresses expected at depths of about 1-2 km. The Instron
machine was then set in position control mode at a fixed ram position, hence restricting the
sample from swelling. The CO2 inlet was subsequently attached to the pore fluid system and
CO2 was introduced into the sample and CO2 separator from the CO2 cylinder. The CO2
pressure was then gradually increased from 0 to 5MPa (bottle pressure), using the CO 2
cylinder regulator. Further increase in the pore fluid pressure (CO2) was achieved
incrementally, via the Ar backing system, over several minutes, to the final target of 10MPa,
at which it was subsequently held constant within ±0.2MPa.
Throughout this paper, we use Terzaghi’s definition for the effective stress (e)
supported by the sample, i.e. e = (n – P), where n is the normal stress applied by the piston
to the sample, and P is the pore fluid pressure present in the sample. Upon the introduction of
CO2, the effective axial stress supported by the sample decreased instantly, due to the
combined effects of CO2 pressurization and machine deformation, by an amount that could
be calculated to an accuracy of within ~0.4 MPa from the calibrations described below. The
resulting effective axial stress, calculated at the instant of CO2 introduction at 10 MPa, will
be referred to henceforth as the initial effective stress (σ𝑖𝑛
𝑒 , see Table 1). Following CO2
introduction, axial force was monitored to determine the evolution of effective stress
supported by the sample. The value measured in excess of the initial effective stress (σ𝑖𝑛
𝑒 ) is
defined as the swelling stress in the present study, and includes the effects of both CO2 uptakeinduced swelling and poro-elastic expansion of the sample. When the monitored signal
remained stable over time, the experiments were terminated by depressurization of the CO2,
followed by unloading the samples axially, cooling and disassembly.
Note that in all experiments, the applied initial effective stress as well as the maximum
value attained during testing were always lower than the 60 MPa stress applied during precompaction, thus minimizing any additional mechanical compaction of the sample during the
main testing phase.
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In the Series 3 control experiments, the Na-SWy-1 samples tested were prepared and
pre-compacted using the same method and under identical temperature and RH conditions as
the Series 1 and Series 2 experiments. In each Series 3 test, the same pre-compaction and
swelling stress measurement procedures were also followed as those used for the Series 1 and
2 tests, the only difference being that Ar was used as pore fluid instead of CO 2. In Series 3,
however, when the sample tested reached equilibrium during the swelling stress test stage
(indicated by no further increase in axial load with time), the Instron was switched from
position control to load control mode, and the axial load was then cycled through two or three
cycles between the maximum and minimum axial stresses applied during the Series 1 and
Series 2 swelling stress tests. Upon completion of two or three cyclic loading runs, the
experiment was then terminated by unloading the sample, depressurizing the Ar and
disassembly. For a detailed explanation of cyclic loading tests, please refer to Appendix 1
(Supplementary Material).

2.2.5 Calibrations and corrections
In making all swelling stress measurements, the samples were loaded in fixed Instron
position mode with the result that pressurization of the Remanit oedometer vessel with fluid,
whether CO2 or Ar, led to (a) an increase in the axial load monitored by Instron load cell,
accompanied and moderated by (b) a minor elastic deformation of the apparatus measured at
the external LVDT (including elastic shortening of the Remanit and Ti loading pistons and
expansion of the Remanit vessel), see Appendix 1 (Supplementary Material). Alongside these
machine responses, introduction of fluid pressure during each swelling stress experiment
reduced the axial effective stress supported by the sample, causing poro-elastic expansion of
the sample, independently of any sorption-related swelling effect. Several calibration tests
were done to determine the dependence of the Instron load cell and external LVDT signals
upon fluid pressure by pressurizing the compaction vessel with CO2 in the axially loaded
condition, with the Instron position fixed and with no sample present in the Ti sample vessel.
Linear best fits to the data obtained allowed the benchmark apparatus response, i.e. effects (a)
and (b), to be quantified (see Appendix 2, Supplementary Material). For each swelling stress
experiment started at a pre-chosen effective stress 𝜎𝑠𝑡𝑎𝑟𝑡 , the initial effective axial stress (𝜎𝑒𝑖𝑛 )
supported by the sample immediately after CO2 introduction, but before any sorption-induced
swelling effect had occurred, could be calculated after correcting the axial force applied for
effect (a). The swelling stress developed (i.e. measured change in Terzaghi effective stress)
as a function of time following CO2 introduction was computed from the measured load signal
in the same way (see Appendix 3, Supplementary Material). The stress evolution occurring in
the control experiments performed using Ar was also calculated using this method, yielding
the swelling stress produced by purely poro-elastic sample expansion (assuming zero or
negligible swelling duo to Ar adsorption). The maximum error in applying these corrections
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to obtain the axial effective stress at any instant in any of our experiments was calculated to
be 0.43 MPa.
Independently of the above machine effects caused by fluid pressurization, the
development of swelling forces in our experiments inevitably caused elastic deformation of
the loading system. This effect in turn allowed the loaded samples producing a swelling stress
to undergo minor swelling strains even when the position of the loading piston was externally
fixed. Careful calibration runs were performed to determine this elastic machine deformation,
through axially loading and unloading the empty titanium sample vessel at conditions
identical to those used in our swelling stress experiments, i.e. at 44˚C and 10MPa CO2
pressure. A machine deformation correction was accordingly established, based on a fourth
order polynomial fit to the external LVDT versus applied load data obtained (see Appendix
1, Supplementary Material). The small sample strains that accompanied swelling stress
changes could hence be obtained from the displacement data measured using the external
LVDT, by correcting for machine deformation associated with changes in both axial load (i.e.
swelling force changes) and applied fluid pressure (effect b above), see Appendix 3
(Supplementary Material). Sample swelling deformations occurring in the Ar control
experiments of Series 3 were also computed using this method. The same correction procedure
was likewise applied to the external LVDT signals obtained in the cyclic loading part of the
Series 3 tests, yielding the change in thickness of the loaded sample versus axial load. This
made it possible to determine the uniaxial elastic stiffness of the Series 3 samples from a linear
fit to a plot of the reversible change in sample thickness versus applied load (see Appendix 4,
Supplementary Material).
Very precise external displacement measurements and calibrations are required to
measure accurately the very small changes in sample dimensions discussed above. The
external LVDT employed in our first series of experiments (S1 series, Table 1) was
insufficiently accurate and showed too much hysteresis to enable sample strains associated
with swelling stress development or minor CO2 pressure fluctuations to be resolved
adequately. We therefore present results on swelling deformation only for the S2 and S3 series
of experiments. For these experiments, the maximum error in the correction for the machine
deformation obtained, hence the maximum error in measuring changes in the sample thickness
was ±0.001mm (i.e. ±1 m).
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2.3 Results

The initial effective normal stress 𝜎𝑒𝑖𝑛 resulting from the introduction of CO2 into our
apparatus at a pressure of 10 MPa, as calculated from our machine calibration data
independently of any swelling/shrinkage effects in the sample, is presented for each clay
experiment in Table 1. The equivalent (simulated) burial depth for each sample (Table 1) was
calculated assuming a sedimentary rock column with an average density of 2250 kg/m-3, and
the presence of a hydrostatic pore fluid pressure gradient. The difference between the preapplied axial stress (σstart) and the initial effective axial stress (𝜎𝑒𝑖𝑛 ), which represents the
change in effective stresses (Δσe) supported by the sample upon CO2 or Ar introduction, is
given for each experiment in Table 1. We emphasise that these effective stress changes are
induced by pore fluid pressurization and the associated machine deformation. The magnitude
of these changes is around 15-17 MPa. This value varies from sample to sample due to minor
variations in the pore fluid pressure employed in each experiment and to the uncertainties in
our calibrations.

2.3.2 Swelling stress data - Series 1 experiments
In the first series of five experiments, three Na-SWy-1 samples, S1-M1 to S1-M3, were
tested at pre-determined normal stresses (σstart) of 27.2, 34.2 and 39.7 MPa respectively. The
influence of a different smectite type (Ca-SAz-1) on stress development was studied in
experiment S1-M4 (σstart=34.6 MPa), while experiment S1-M5 addressed the smectite-bearing
shale (σstart= 40.9 MPa, refer Table 1).
The raw data typically obtained in these experiments are illustrated in Figure 2a. This
shows the change in axial force and LVDT position signals, measured relative to their values
at the start of experiment S1-M1, versus elapsed experimental time, as well as the same signals
obtained in a calibration test performed at similar starting axial force (effective stress) but
with no sample present. It is seen from Figure 2a that the axial load and LVDT position values
increase instantly upon introduction of CO2 pressure in the calibration test, reflecting the
elastic response of the machine upon fluid pressurization (an increase in LVDT signal means
expansion). By contrast, in the swelling stress test on clay sample S1-M1, much larger
instantaneous changes in axial load and LVDT position were measured upon CO2 introduction
at 10 MPa, as well as subsequent time-dependent development towards asymptotic plateau
values. This behaviour clearly demonstrates a swelling effect and associated swelling stress
development in the clay sample due to CO2 introduction. Note that the excess axial force
(stress) change measured in the test on sample S1-M1, relative to the calibration test,
represents a total swelling force. The change in Terzaghi effective stress determined from this
swelling force gives the ‘swelling stress’ reported in present paper and includes both
poroelastic and any CO2 uptake-induced expansion effects occurring in the sample.
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2.3.1 Initial effective stress after CO2 introduction

Series-Exp
No.

Material

Pore
fluid

Sample
humidity

Precompaction
stress σpre
MPa

Starting
normal
stress σstart
MPa

σein

Equivalent
burial depth

Δσe

σsw

σeeq

xsw

MPa

km

MPa

MPa

MPa

mm

S1-M1

Na-SWy-1

CO2

Lab air dry

60.37

27.24

10.97

0.88

16.27

10.03

21.00

NR

S1-M2

Na-SWy-1

CO2

Lab air dry

60.37

34.20

18.95

1.52

15.25

8.60

27.58

NR

S1-M3

Na-SWy-1

CO2

Lab air dry

60.37

39.67

22.84

1.83

16.83

8.00

30.84

NR

S1-M4

Ca-SAz-1

CO2

Lab air dry

60.37

34.60

18.49

1.48

16.11

12.41

30.90

NR

S1-M5

Smectite

CO2

Lab air dry

60.37

40.85

24.71

1.98

16.14

9.30

34.01

NR

shale
S2-M6

Na-SWy-1

CO2

Lab air dry

60.37

25.90

9.63

0.77

16.27

10.77

20.40

0.0194

S2-M7

Na-SWy-1

CO2

Lab air dry

60.37

28.90

12.76

1.02

16.14

9.45

22.28

0.0180

S2-M8

Na-SWy-1

CO2

Lab air dry

60.37

31.61

14.41

1.15

17.20

9.08

24.50

0.0170

S2-M9

Na-SWy-1

CO2

Lab air dry

60.37

35.30

18.1

1.45

17.20

8.30

26.40

0.0153

S2-M10

Na-SWy-1

CO2

Lab air dry

60.37

35.20

18.96

1.52

16.24

8.60

27.56

0.0160

S2-M11

Na-SWy-1

CO2

Lab air dry

60.37

35.60

19.23

1.54

16.37

8.03

27.27

0.0144

S2-M12

Na-SWy-1

CO2

Lab air dry

60.37

38.90

22.56

1.80

16.34

7.05

29.60

0.0137

S2-M13

Na-SWy-1

CO2

Lab air dry

60.37

39.13

22.93

1.83

16.20

7.43

30.36

0.0130

S3-M1

Na-SWy-1

Ar

Lab air dry

60.37

28.64

11.92

0.95

16.72

2.51

14.43

0.0069

S3-M2

Na-SWy-1

Ar

Lab air dry

60.37

29.97

12.34

0.99

16.63

3.13

15.47

0.0082

S3-M3

Na-SWy-1

Ar

Lab air dry

60.37

34.53

18.04

1.51

16.49

2.99

21.03

0.0071

All experiments listed in the table were performed at a nominal temperature of 44(±1.5) °C, and pore fluid pressure of 10(±0.2) MPa. Note that σpre indicates
the stress applied to the sample in the pre-compaction stage, while σstart is the subsequently imposed normal stress on the sample before CO2 injection. This
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Table 1. List of the complete set of swelling stress experiments and key data obtained in this study.

NR represents “not reported” due to unacceptably large errors associated with the external LVDT used in the S1 experiments (only
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normal stress σstart was pre-determined to obtain realistic effective overburden stresses (σein) upon injection of CO2 at 10 MPa pressure, taking into account
machine deformation upon injection. σein is the initial effective normal stress, resulting from the introduction of CO2 at a pressure of 10 MPa for each sample
tested, as calculated from our machine calibration data independently of any swelling stress development. Δσe is the difference between σstart and σein, i.e.
change in effective stress supported by the sample upon CO2 pressurization. The equivalent (simulated) burial depth for each sample was calculated assuming
sedimentary rock with an average density of 2250 kg/m-3, and the presence of a hydrostatic pore fluid pressure gradient. σsw, σeeq, xsw are respectively the
(apparent) equilibrium swelling stress developed, the effective normal stress supported by the sample at (apparent) equilibrium, and the corresponding
swelling deformation, which are calculated from the average value of load and LVDT signals collected in the 0.5 to 2 hour before the termination of each
experiment.
S1 and S2 series of experiments are performed with CO2 as pore fluid, while S3 series are conducted using Ar, to calibrate the swelling effect associated with
poro-elastic effects.
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The swelling stress data determined from experiments M1 to M3, after correcting for all
machine effects and for changing CO2 pressures during CO2 introduction, are presented in
Figures 2b,c,d. These plots also show the history of CO2 pressurization per test. In all cases,
it is observed that when CO2 is injected into the samples, a small negative swelling stress was
measured for a short time period (less than one minute), before positive stresses were recorded,
as the target CO2 pressure of 10MPa was reached. This was presumably due to transient
compaction of the sample outweighing the swelling effect before the CO 2 had pervasively
accessed the sample porosity.
Examining the three tests performed in series S1 on Na-SWy-1, we note that, upon
increasing the initial effective normal stress σein, i.e. going from experiment M1 to M3, the
swelling stress decreases in magnitude. By contrast, the rate of stress development varies
slightly but shows no apparent correlation with the initial effective normal stress. For each
individual test, once the target CO2 pressure of 10MPa is reached, a change in the rate of
development of swelling stress is observed (Figures 2b-d), beyond which the swelling stress
continues to increase more slowly until it approaches stable value (i.e. an apparent equilibrium
state) after an interaction time of ~4 hours. The equilibrium swelling stresses (σsw), derived
by averaging the swelling stress measured in the last 0.5-2 hours of each individual test,
depending on noise level, attained values around 10.0MPa, 8.6MPa and 8.0MPa for M1 to
M3 respectively, pointing to a decreasing trend in equilibrium value with increasing initial
effective normal stress for Na-SWy-1 samples i.e. for σein values of respectively 11.0, 18.5
and 22.8 MPa corresponding to equivalent burial depths of 0.88, 1.52 and 1.83 km – see Table
1.
The results of experiment M4 (Figure 2e) on Arizona montmorillonite (Ca-SAz-1, σein
=18.49MPa, equivalent burial depth 1.48km–Table 1) show similar swelling stress vs. time
behaviour to that observed for Na-SWy-1 (M1-M3). When CO2 was injected into the sample,
a negative swelling stress was measured, suggesting transient compaction due to
pressurization. Subsequently, after ~1min, the swelling stress recovered back to values above
zero, following similar behaviour to that measured for samples S1 M1-M3 during the further
course of the experiment. From the point where the target pressure of 10MPa was reached and
kept constant henceforth, the swelling stress steadily increased to approach an apparent
asymptotic equilibrium value (σsw) of ~12.4MPa.
The results of the CO2 experiment conducted with smectite-bearing shale are displayed
in Figure 2f. The basic characteristics of this plot are similar to those obtained for experiments
M1 to M4, and show that the shale containing 53% smectite develops a swelling stress (σsw)
of 9.3 MPa at conditions corresponding to an initial effective normal stress 𝜎𝑒𝑖𝑛 of 24.7 MPa
and relatively deep simulated burial depths of almost 2 km (Table 1).
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(a)
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(b)

σein =10.97 MPa

σein =10.97 MPa

(d)

(c)

σein =18.95 MPa

σein =22.84 MPa

(e)

(f)

σein =18.49 MPa

σein =24.71 MPa

Figure 2. Representative raw data and swelling stress vs. time plots for the Series 1
experiments. (a) Change in axial force and LVDT signal measured in experiment on S1-M1
vs calibration test with no sample present. Both tests were performed at a starting axial force
of ~3.2 kN, equivalent to an initial effective normal stress of ~11MPa. ‘Sample’ in the bracket
denotes data for swelling stress test S1-M1, whereas ‘CAL’ denotes the calibration test with
no sample present. (b) S1-M1, Na-SWy-1 material, initial effective normal stress σein is 10.97
MPa, simulated burial depth ~ 0.88 km. (c) S1-M2, Na-SWy-1 material, σein =18.95 MPa,
simulated burial depth ~ 1.52 km. (d) S1-M3, Na-SWy-1 material, σein =22.84 MPa, simulated
burial depth ~ 1.83 km. (e) S1-M4 on Arizona Ca-SAz-1 montmorillonite, σein =18.49 MPa,
simulated burial depth ~ 1.48 km. (f) S1-M5 on a natural, smectite-rich shale. σein=24.71 MPa,
simulated burial depth ~ 1.98 km.
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2.3.3 Swelling stress data - Series 2 experiments
To investigate the effect of the initial axial effective stress σein (i.e. simulated burial
depth or overburden pressure) on the magnitude of axial swelling stress measured in each
sample upon CO2 introduction, the second series of five experiments were performed on NaSWy-1 samples under a range of σein values (9.63 to 22.36 MPa), selected (via the choice of
σstart) to complement those employed in the three tests on Na-SWy-1 material reported in
series S1 (10.97 to 22.84 MPa – see Table 1). Figures 3a-h show the swelling stress
development with time measured for the S2-M6 to M13 samples. Most of the S2 experiments
were allowed to run for more than the 6 hours employed in the S1 tests, allowing (apparent)
equilibrium to be more closely approached (see Figure 3). We found that the swelling stresses
approached their asymptotic equilibrium value within ~4 hours, as in the S1 runs, the only
exception being sample S2-M8 (Figure 3c) which developed an extra 1 MPa swelling stress
between 4 and 12 hours. By taking the average value of the swelling stress measured in the
last one to two hours of each run, we determined the magnitude of equilibrium swelling
stresses (σsw) in each of the Series 2 experiments. These values decrease systematically from
10.8 to 7.0 MPa as the initial effective axial stress applied to the sample increases form 9.6
MPa to 22.9 MPa. This decreasing trend is similar to that observed for M1-M3 in Series 1
(see Figure 3 and Table 1).
(a)

(b)

σein =9.63 MPa

(c)

(d)

σein =14.41 MPa
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σein =12.76 MPa

σein =18.10 MPa
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(e)

σein =18.96 MPa

(g)
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(f)

σein =19.23 MPa

(h)

σein =22.56 MPa

σein =22.93 MPa

Figure 3. Swelling stress development due to exposure to CO2 measured in the Series 2
experiments on Na-SWy-1 material. (a) Sample M6 subjected to initial effective normal stress
(σein ) of 9.63MPa, simulated burial depth is ~0.77km. (b) Sample M7, σein =12.76 MPa,
simulated burial depth is ~1.02km. (c) Sample M8, σein =14.41 MPa, simulated burial depth
is ~1.15km. (d) Sample M9, σein =18.10 MPa, simulated burial depth is ~1.45km. (e) Sample
M10, σein =18.96 MPa, simulated burial depth is ~1.52km. (f) M11, σein =19.23 MPa, simulated
burial depth ~1.54km. (g) M12, σein =22.56 MPa, simulated burial depth ~1.80km. (h) M13,
σein =22.93 MPa, burial depth ~1.83km
Results on equilibrium swelling stress (σsw) and final effective axial stress supported by
𝑒𝑞
sample at equilibrium (𝜎𝑒 = 𝜎𝑒𝑖𝑛 + 𝜎𝑠𝑤 ), derived from the swelling stress vs. time curves
obtained for the Series 1 and Series 2 experiments, are presented in Table 1. The complete set
of data for Na-SWy-1 samples show a clear effect of increasing initial effective stress σein, and
𝑒𝑞
final (equilibrium) effective stress 𝜎𝑒 , on the extent of swelling stress development in NaSWy-1 smectite due to exposure to CO2 - see Figures 4a and b respectively. These plots show
similar trends for both series of experiments on Na-SWy-1 samples, with swelling stress
decreasing almost linearly with increasing initial and final effective stress. The sensitivity of
swelling stress (σsw) to final or equilibrium axial stress was determined for the combined S1
and S2 data sets by linear best fitting (see Fig 4b), which yielded the relation
𝑒𝑞

𝑒𝑞

𝜎𝑠𝑤 = −0.281𝜎𝑒 + 16.021

(1 )
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This of course means that if the effective axial stress experienced by a Na-SWy-1 sample
at equilibrium increases by 1 MPa, the swelling stress developed decreases by ~0.28 MPa.
(a)

(b)

Figure 4. (Apparent) equilibrium swelling stress (σsw) plotted against (a) initial effective axial
stress (σein) for Na-SWy-1 samples (i.e. Series S1: M1 to M3 and Series S2: M6~M13) at PCO2
10MPa, and (b) final effective normal stress (σeeq) experienced by each sample at
equilibrium with 10MPa CO2.
As discussed in Section 2.2.5, even though the piston position was fixed during each
experiment, any swelling stress development in the sample inevitably led to elastic
deformation of the loading system, resulting in a small change in sample thickness, i.e. to an
absolute sample swelling, xsw. The high precision LVDT employed in the apparatus used for
the Series 2 experiments, allowed this minute swelling deformation to be determined for
samples M6-M13 at any instant, by correcting measured displacement for machine response
to axial load and any changes in fluid pressure. The swelling deformations occurring in the
S2 samples at equilibrium are presented in Table 1 in terms of absolute thickness increase,
and are plotted versus corresponding equilibrium swelling stress σsw in Figure 5. This plot
clearly shows that the swelling of the sample, hence the displacement of the upper titanium
piston interface with the sample relative to the lower titanium piston interface, is linearly
proportional to the equilibrium swelling stress, reflecting that the elastic deformation of the
machine, which accommodates sample swelling and is equal and opposite to it, is directly
proportional to the equilibrium swelling stress via the machine stiffness constant.
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Figure 5. Absolute swelling deformation (xsw) plotted versus corresponding swelling stress
(σsw) for the second series of experiments (samples S2-M6 to M13). The stresses and
displacements were measured at (apparent) equilibrium with a CO2 pressure of 10MPa.

2.3.4 Results of the Series 3 control tests performed using Ar
The Series 3 experiments on Na-SWy-1 montmorillonite involved equilibration with 10
MPa Ar in a manner identical to the Series 2 and 3 swelling experiments performed with CO 2,
followed by cycling of the axial load, hence effective axial stress, to cover the full range of
swelling stresses encountered in the Series 2 and 3 tests. The initial equilibration stage of these
swelling stress experiments led to the development of an apparent swelling stress in a manner
closely similar to that seen using CO2 (cf. the Series 1 and 2 tests in Figure 2 and 4), but with
a magnitude of only 2-3 MPa instead of 7-12 MPa (Table 1 and Figure A. 4). Representative
results of the subsequent load cycling tests are as shown in Figure 6 (2 loading and unloading
cycles for sample S3-M2). The total deformation of the sample and Remanit/Ti loading
pistons, measured at the external LVDT, during load cycling is plotted against uniaxial load
applied in Figure 6, along with the apparatus deformation derived from the fourth order
polynomial calibration described above, and with the inferred sample deformation (the
difference). Linear fitting to the piston distortion and sample deformation versus axial load
data demonstrates closely linear behaviour (dashed lines in Figure 6), and yields compliance
coefficients of respectively 0.00837kN/mm for the machine and 0.00144 mm/kN for the
sample, equivalent to apparent stiffness moduli of ~119 kN/mm and 694 kN/mm. Several
such tests were performed in the Series 3 experiments, yielding an average sample stiffness
of 538kN/mm.
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Figure 6. Representative results of the Series 3 load cycling tests performed on Na-SWy-1
samples at an Argon pore fluid pressure of 10MPa. Total deformation measured by external
LVDT, deformation of the apparatus (mainly Remanit pistons), and deformation of the sample
are plotted against uniaxial load applied for S3-M2. Linear fitting of the sample deformation
vs. axial load gives a value of 0.00144 mm/kN for the compliance coefficient of the sample.

2.4 Discussion
2.4.1 Swelling stress development in the presence of CO2: phenomenology and
mechanism
Our experiments on Na-SWy-1, Ca-SAz-1 and smectite bearing shale show that
exposure to supercritical CO2, under the confined conditions imposable in the apparatus used,
produces swelling stresses of significant magnitude (7.0 to 12.4 MPa) at (apparent)
equilibrium. The swelling stresses developed in Na-SWy-1 smectites in experimental series
S1 and S2 are in good agreement, with a clear negative dependence on initial effective stress
(σein), i.e. on the simulated burial or overburden stress, and on the final effective stress (σeeq)
at equilibrium (Figure 4). The machine stiffness/compliance effects described above mean
that loaded samples producing a swelling stress can undergo small swelling strains when the
CO2 pressure increases or when swelling stress develops. Taking into account the combined
axial stiffness of our apparatus (119N/mm) plus the samples (538kN/mm, corresponding to
4.64G Pa/mm), the magnitude of the swelling stress measured in our Series 1 and Series 2
experiments is consistent with the swelling strains of a few percent observed in experiments
on mechanically unconfined samples performed on similar clays and under otherwise similar
conditions (De Jong et al., 2014, Giesting et al., 2012a,b, Ilton et al., 2012, Schaef et al., 2012).
When analyzing our data on swelling stress development upon exposure to CO2 in more
detail, the results for Na-SWy-1 show that samples subjected to higher initial effective stress
σein (e.g. S1-M3, Figure 2d), not only show lower equilibrium swelling stress values, but also
lower rates of swelling stress development (cf. S1-M1, Figure 2b). These findings
qualitatively agree with the effects of applied stress on sorption of CO 2 by coal reported
recently (Hol et al., 2011, 2012, 2014; Espinoza et al. 2014). They also agree with the
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While the thermodynamic models developed by Hol et al. (2011, 2012) and Liu et al.
(2016) predict lower sorption capacities with increased effective stress, hence reduced
swelling and therefore lower swelling stresses, we note that the clay-water-CO2 system is
much more complex than a two-component sorbent-sorbate system such as coal plus CO2.
Several additional effects could be important, in particular the role of hydration state and how
this is affected by the presence of CO2 (De Jong et al., 2014, Wentinck and Busch, 2017,
Busch et al. 2016). The hydration state of the clays tested in our experiments is only
constrained by the fact that the samples were allowed to equilibrate with laboratory humidity
(RH 40-60% at T=20-25C) at the experimental temperature of 44 C prior to introduction of
CO2. Despite the fact that previous work (de Jong et al., 2014) implies a corresponding
hydration state in the zero to 1 water layer range (10.0  d001 12.3 Å ), the exact initial
hydration state in our experiments, and the extent to which this may change when CO 2 is
injected into the sample, are not known. The exact effects of hydration state, especially insitu hydration state, thus form an important target for future work on the effects of simulated
burial stress (σein) on swelling stress and strain response.
Aside from the magnitude of swelling stress, the rapid rate of CO2 uptake in the present
confined experiments, evidenced by the fast development of swelling stress seen in Figures 2
and 3, is also in good agreement with what has been observed previously in experiments on
mechanically unconfined samples performed on thin Na-exchanged and K-exchanged NaSWy-1 smectite films (Giesting et al., 2012a, b – using XRD methods) and on mm-sized
pressed cubes of Na-SWy-1 smectite clay (De Jong et al., 2014 – using optical strain
measurements). In these experiments, the samples were in effect immersed in CO 2 leaving the
clay free to swell against only the CO2 pressure. Exposure to CO2 caused swelling of several
percent with the swelling occurring in a few minutes only. This behaviour was argued by
Giesting et al. (2012a) to reflect rapid diffusion of CO2 both into the clay samples and into the
smectite interlayer region. However, the mode of interaction between CO2 molecules, water
molecules and interlayer cations in the interlayer space is not fully clear. Giesting et al.
(2012a) speculate that the CO2 and interlayer water molecules interact to form charged
carbonate complexes (CO32-/HCO3-) and interact electrostatically with the interlayer cations,
causing changes in interlayer d-spacing. Indications supporting this theory were reported by
Hur et al. (2013) and Romanov (2013), while other authors present convincing arguments
against the formation of carbonate complexes (see discussion by Busch et al. 2016). In broad
alignment with the work of Hur et al and Romanov, Loring et al. (2012 – see also Rother et
al., 2013; Giesting et al. 2012a,b) recently demonstrated direct intercalation of CO2 into the
Ca-, Na-, and K-smectite interlayer structure using neutron scattering and neutron magnetic
resonance techniques. Moreover, Romanov (2013), on the basis of measurements made using
attenuated total reflection infrared spectroscopy, argued formation of (amorphous) carbonate
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predictions of thermodynamic models for the effects of stress state on sorption and on
sorption-induced swelling presented by these authors for two-component sorbent-sorbate
system such as coal plus CO2 or CH4. (see also Liu et al., 2015 and Liu et al., 2016).
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species in the interlayer spaces of SWy-2 and STx-1b smectites exposed to CO2, suggesting
permanent trapping of CO2 by the smectites investigated. However, Loring et al. (2012) and
Schaef et al. (2012) argued against this point of view, respectively through thermo-gravimetric
measurements and magic angle spinning nuclear magnetic resonance spectroscopy on CaSTx-1 montmorillonite. In summary, the mechanisms leading to clay swelling in the presence
of CO2 and water remain a field for further study.
In the present Series 1 and 2 experiments, we observed that the swelling stress developed
in Ca-SAz-1 material is significantly higher than in Na-SWy-1 subjected to similar normal
effective stress (experiments S1-M4 vs. S1-M2, S2-9 & S-210). Specifically, the 12.4MPa
swelling stress produced in experiment S1-M4 on Ca-SAz-1 is 50% higher than the ~8MPa
measured for Na-SWy-1 under similar P-T, humidity and effective stress conditions (refer
Table 1). This is nicely consistent with the similar difference in swelling magnitude reported
by Giesting et al. (2012 a,b), based on XRD measurements on Na+ and Ca2+ exchanged SWy2 montmorillonite exposed to similar fluid pressure and temperature conditions but
unconfined, i.e. without an effective stress on the samples. Our results are also consistent with
those of De Jong et al. (2014), who showed that Ca-montmorillonite (with an initial hydration
state corresponding d001≈12.5Å) can develop maximum swelling strains up to ~15%, in
comparison to Na-montmorillonite (d001≈11Å) which showed lower values of ~10%.
Returning specifically to the study presented here, the discrepancy between Ca- and Namontmorillonite probably reflects an initially higher hydration state in Ca-SAz-1 than in the
Na-SWy-1 material (Bird, 1984; Sato et al., 1992), while at the same time the radius of Ca2+
is larger than Na+ resulting in a larger interlayer spacing in the Ca-SAz-1 than Na-SWy-1
materials. These factors might allow easier access of CO2 into the interlayer space. At present
however, we can only speculate on the CO2-cation-water interactions taking place in smectite
interlayers.
The results of experiment S1-M5 on the shale sample containing ~53% smectite (Figure
2e) show a swelling stress of ~9.3MPa, despite a) the high effective stress (σne) conditions
corresponding to a burial depth of ~2km, and b) the fact that the smectite content of the shale
was only 53%. No information is available on the structure or interlayer cation type(s) for this
sample material. It is therefore difficult to make direct comparisons with the results obtained
for Na-SWy-1 and Ca-SAz-1. The unexpectedly high swelling stress measured for the shale
sample may be attributable to the type of smectite it contains. If the interlayer cation would
be Ca2+ we can speculate that a swelling stress equal to half of that developed in pure Ca-SAz1 should develop for the shale due to its ~53% smectite content, i.e. ~6.2MPa. Further, the
significant quartz content of the shale sample can be expected to impart a higher stiffness
modulus, hence yielding a higher swelling stress. At the same time, we note that besides likely
intercalation of CO2 into the interlayer region of the smectite present in the shale sample, the
relatively high swelling stress measured might also be related to clay-CO2 interactions
occurring at the external platelet surfaces (faces and edges) of other non-swelling clay
minerals, such as illite and kaolinite (Busch et al., 2008). It is well-established that water films
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can easily adsorb on these charged surfaces due to the attraction exerted by exchangeable,
charge-compensating surface cations (Rutter, 1983; Ormerod and Newman, 1983;
Israelachvili et al., 1988; Renard and Ortoleva, 1997; Hatch et al., 2012). The properties of
such surfaces might therefore not be very different from the smectite interlayer region, in
terms of interaction with CO2. Of course, similar effects might occur at the surface of smectite
crystallites also, as speculated already by de Jong et al. (2014).
In Series 3 experiment performed using Ar as the pore fluid, we measured 2-3 MPa
swelling stress accompanied with a swelling strain of less than 1%. The swelling stress and
strain attained are much less than those measured in the Series 1 and 2 tests using CO2 as pore
fluid. In view of the fact that Ar is chemically inert, like He, and that the latter is reported not
to cause interlayer swelling of smectite, we infer that the swelling stresses and swelling strains
measured in the Ar tests reflect poro-elastic expansion of the clay samples, induced by the
decrease in Terzaghi effective stress upon pressurization with Ar.

2.4.2 Swelling stress at zero sample strain
As discussed in relation to the S3 series of experiments on Na-SWy-1 material (Figure
6), swelling stress development in our samples inevitably leads to elastic deformation of the
loading system and sample, resulting in an accompanying small change in sample thickness,
i.e. to an absolute sample swelling (xsw) and associated swelling strain. This means that the
swelling stress measured by our system will always be lower than the value that would be
attained under conditions of zero apparatus distortion and zero sample strain, i.e. under
conditions where axial swelling of the sample is fully restricted. The swelling stress at zero
strain will, of course, be determined purely by the swelling and (poro)elastic properties of the
sample, with the swelling strain produced by interaction with CO 2 being entirely
accommodated by elastic compression of the sample. The implication is that the only truly
meaningful way to express swelling stress, for a given sample material under given conditions,
is in terms of the equilibrium swelling stress pertaining at zero strain. This will be the
maximum swelling stress that the material can generate when fully equilibrated with CO 2,
with all direct measurements of swelling stress yielding lower values by virtue of the fact that
no machine (or natural confining environment) is infinitely stiff in practice.
In Appendices 5 and 6 (Supplementary Material), we derived how the measured
swelling stress and swelling strain are related, and show how the measured swelling stress can
be extrapolated to zero swelling strain, taking into account the dependence of swelling strain
on applied effective stress. The required relationship is given by:
∈=0
𝐹𝑠𝑤
=

𝑒𝑞

𝑒𝑞

(1−𝑘𝑠 ∙𝑐1 )𝐹𝑠𝑤 +𝑘𝑠 ∙𝑥𝑠𝑤
1−𝑘𝑠 ∙𝑐1

(2) where

∈=0
𝐹𝑠𝑤
is the swelling force attained while the measured equilibrium swelling deformation
𝑒𝑞
𝑒𝑞
𝑥𝑠𝑤 is completely cancelled by elastic accommodation, 𝐹𝑠𝑤 is the measured equilibrium
swelling force, 𝑘𝑠 is the average sample stiffness estimated to be 538kN/mm, and 𝑐1 =
−3.35 𝑢𝑚/𝑘𝑁 is the coefficient derived from equation 1, which shows how the adsorption
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induced swelling deformation decreases with increasing load applied to the sample (see
Appendix 5, Supplementary Material). The swelling stress extrapolated to ‘zero’ sample
∈=0
strain, 𝜎𝑠𝑤
, accordingly can be obtained from
∈=0
𝜎𝑠𝑤
=

∈=0
𝐹𝑠𝑤

𝐴𝑠

𝑒𝑞

=

𝑒𝑞

(1−𝑘𝑠 ∙𝑐1 )𝐹𝑠𝑤 +𝑘𝑠 ∙𝑥𝑠𝑤
(1−𝑘𝑠 ∙𝑐1 )∙𝐴𝑠

(3)

where 𝐴𝑠 is the cross section area of samples tested.
Substituting the apparent equilibrium sample swelling 𝑥𝑠𝑤 and swelling stress measured
in each swelling stress test into the above equation, the swelling stresses developed at ‘zero’
strain can be obtained and are plotted in Figure 7. The resulting values vary from 42.929.3MPa over the range of 9-23 MPa initial normal effective stress, and thus decrease
systematically with increasing simulated overburden stress as implied by the correlation given
in Figure 4. Note that the extrapolated swelling stress in this case was contributed not only by
the swelling effect related to interlayer CO2 uptake or sorption by the smectite samples, but
also by poro-elastic expansion of the sample due to the decrease in effective stress supported
by the sample at the instant that the Remanit compaction vessel was pressurized with CO 2 at
10MPa. The poro-elastic contribution was measured in our swelling stress tests using Ar (i.e.
Series 3 experiment), and should be the same as that in tests using CO2 as pore fluid, assuming
that the truly elastic properties of the pre-compacted samples were not changed by interaction
with Ar or CO2. The contribution of the poro-elastic effect to the swelling stress and swelling
strain measured in our CO2 tests can be removed by subtracting the respective reference values
measured in our Ar tests. The swelling stress at zero strain, produced solely by the uptakeinduced swelling effect, can then be calculated by inserting the corrected sorption-induced
swelling strain and swelling stress into equation (3). This yields swelling stresses due to
interlayer CO2 uptake/sorption of 17.5-31.1MPa (Figure 7, solid red circles).

Figure 7. Swelling stress extrapolated to “zero sample strain” conditions plotted as a
function of initial effective stress for the second series of experiments (S2-M6 to S2-M13).
The extrapolated swelling stress is the stress calculated to develop in the sample when the
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sample expansion due to CO2-smectite interaction is fully restricted, i.e. where sample
swelling strain is exactly offset by elastic compression of the sample. Black data points are
the swelling stress required to cancel out the total swelling strain occurring in the
experiments, not correcting for the poro-elastic effect. Red data points are the swelling
stress needed to cancel out swelling related to CO2 uptake by the sample only (i.e. excluding
poro-elastic swelling related to effective stress change upon pressurization with CO2).

2.4.3 Implications for geological storage of CO2
We have demonstrated that Na-SWy-1 and Ca-SAz-1smectite clays and crushed
smectite-bearing shale develop a swelling stress when exposed to (supercritical) CO2 under
laterally confined conditions characterized by an initial vertical effective stress and a
temperature typical of carbon sequestration sites (up to 2 km burial depth). The experiments
were conducted under temperature-humidity conditions that are expected, from previous work
(Giesting et al., 2012a,b; de Jong et al., 2014) to produce a hydration state in the range 0 to 1
water layer for Na-SWy-1 and 1 to 2 water layers for Ca-SAz-1 smectite. This hydration state
is also expected to be representative for in-situ reservoir and caprock conditions at depths up
to 2-3 km (Bird, 1984). The magnitude of the directly measured swelling stress was found to
be of the order of 7.0-12.4 MPa for CO2 pressures of 10 MPa and simulated burial depths of
0.8-2.0 km. Control experiments using Argon instead of CO2 show that these values include
a contribution of 2-3 MPa due to poro-elastic expansion of the samples caused by the decrease
in Terzaghi effective stress that accompanies pressurization with CO2. In addition, the
measured swelling stress values are in part determined by elastic deformation of the apparatus
used to measure them. Making use of our data to remove this effect, i.e. to extrapolate our
data to a condition where the sample is constrained such that all swelling strain is
accommodated by elastic deformation of the sample, with zero strain, demonstrates that
swelling stresses then reach values of 29.3-42.9 MPa. After removing the poro-elastic effect
induced by pressurization with CO2 to 10MPa reduces these values to swelling stresses of
17.5-31.1MPa. These results, coupled with the swelling strains that we measured previously
under similar conditions in unconfined experiments on similar material (de Jong et al., 2014),
suggest that penetration of CO2 into smectite-rich caprocks and fault gouges at CO2 storage
sites should lead to a local swelling/self-stressing effect, developing strains of several percent
where nearly free to swell, or else normal stresses potentially of several to a few tens of MPa
depending on the rock volume penetrated and the stiffness of the surrounding rock mass. (c.f.
Wentinck and Busch, 2017). Shear stresses of similar magnitude might also potentially be
generated due to heterogeneous and/or anisotropic swelling induced by CO2 penetration. This
type of swelling/self-stressing effect has not yet been accounted for in evaluating storage
system integrity. On the other hand, it is important to realize that water-scavenging by dry,
injected CO2 might change the hydration state of smectites present in reservoirs, caprocks and
faults, possibly even producing dehydration-related shrinkage (Gaus et al., 2005; Espinoza
and Santamarina, 2012). Such CO2-induced dehydration and shrinkage effects have been
reported recently for swelling clays having two or more hydration layers (Schaef et al., 2012).
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According to Bird (1984), however, this hydration state is more likely relevant at low effective
stress conditions (close to surface, potentially in faults), while at depths relevant for CO2
storage (>1000 m) fewer than two hydration layers can be expected, depending on the
interlayer cation and subsurface conditions. The competing effects of both water and CO 2,
therefore need careful consideration. Moreover, while it is assumed that the (initial) 0 to 1
water layer hydration state investigated here is representative for in-situ conditions, direct
evidence for this (e.g. Bird, 1984) is sparse and needs to be confirmed.
Taking the present results, along with those reported in our work on unconfined swelling
(de Jong et al., 2014), as being applicable to in-situ conditions, clay swelling caused by CO2
intercalation into the smectite interlayer region, is potentially capable of causing significant
permeability reduction in reservoirs, caprocks and faults, due to closure of pores, cracks and
void space and associated self-stressing. This would suggest that if CO2 migrates slowly into
joints or pores in a smectite-bearing shale caprock, for example, then swelling could impede
migration and improve the caprock sealing properties. The magnitudes of the swelling stresses
measured under confined conditions in the present study indicate that pore/fracture “closure
stresses” (i.e. normal stresses) up to several tens of MPa can potentially be generated.
At the same time, sorption-induced stresses developing under 1-D strain or other
geometrically constrained conditions, can promote the development of anisotropic states of
stress, i.e. shear stresses, potentially causing damage or even failure (c.f. coal failure;
Espinoza et al., 2015). The magnitude of the swelling stresses obtained here could be
disadvantageous if they develop in regions where high deviatoric (shear) stresses already exist
as a result of tectonic strains or the pressure and/or temperature changes associated with CO2
injection. Examples of such sites include zones where sealing faults cut reservoir and caprock
units, and where pressure changes in the reservoir can accordingly produce substantial shear
stresses on the fault (Orlic et al., 2011). In such situations, and in situations where faults are
already critically stress due to the background tectonic stress field (Zoback,1992; Sperner et
al., 2003), additional CO2-induced swelling of smectites in the caprock could potentially lead
to fault reactivation, or to local (non-uniform) caprock swelling and damage, and thus the
creation of CO2 leakage paths (Wentinck and Busch, 2017). At the same time, swelling of
clays in the fault might increase the effective normal stress on the fault sufficiently to stabilize
the fault. The present data provide a basis upon which the potential role of such effects can be
assessed in future.
Overall, however, by comparison with the effects that CO2-induced swelling has on the
in-situ transport properties and fracturing behaviour of coal beds (Hol et al., 2011, 2012), we
do not expect that smectite swelling due to CO2 uptake is likely to impair CO2 storage system
integrity significantly. Rather, as reported for CO2-induced swelling of coal (Hol et al, 2012),
the dominant effect is likely to be that normal stresses will increase due to swelling, which
will close cracks present and stabilize faults. To assess if this is indeed the case, numerical
modelling of the site specific in-situ state of stress, and the way it evolves, is required to

58

evaluate the potential for CO2-induced caprock damage or enhanced sealing via smectite
swelling. In addition, further research is needed to investigate more systematically the range
of swelling stresses that could develop from interactions with CO2, for various pure smectite
compositions, and especially for true in-situ hydration states – namely at in situ pressure and
temperature conditions buffered by the presence of liquid water. It is also important to
establish whether water scavenging by CO2 can dry out smectites present in top seals and
faults under in-situ conditions, as this would tend to reduce effective normal stresses and to
open cracks, thereby reducing seal integrity (see discussion in Busch et al. 2016). As discussed
above such dry-out (shrinkage) of interlayers in the presence of dry CO 2 was observed by
Schaef et al. (2012 and 2015) when the initial hydration state was 2 or more water layers.
In line with this, further research is also required on the swelling and self-stressing
behaviour of natural caprock and fault rock materials containing both smectites and nonswelling clays, such as kaolinite and illite. Illite usually is the dominant clay phase at depths
beyond 3 km. As discussed above, it is possible that the external crystallite surfaces of both
smectites and minerals such as illite and kaolinite may exhibit CO 2 sorption effects causing
swelling. These could play a role in caprocks and faults at depths up to and beyond 2-3 km,
and need to be assessed.

2.5 Conclusions
In this study, we conducted laterally constrained, axi-symmetric compression
experiments on pre-pressed discs of pure smectite (Na-SWy-1 and Ca-SAz-1
montmorillonite) clays, and on a smectite-bearing shale (53% smectite), to investigate the
development of axial swelling stress due to exposure of the samples to SC CO2 under
mechanically confined conditions. The experiments were carried out at a nominal temperature
of 44 °C, to ensure that the initial hydration state of the smectites would correspond to
expected in-situ ranges (between respectively zero and one versus one and two planes of
interlayer water molecules, for the Na-SWy-1 and Ca-SAz-1 montmorillonite). The CO2
pressure used was 10 MPa. Vertical effective stresses up to 24.7 MPa were imposed, to
simulate effective overburden stresses upon injection, corresponding to burial depths up to
almost ~2.0 km. Three individual experiments were performed on Na-SWy-1 smectite
samples as the control group, using Ar at 10 MPa as the pore fluid phase. The following
conclusions were drawn:
1. Na-SWy-1 and Ca-SAz-1 montmorillonites and smectite-bearing shale (53%
smectite) show the development of significant swelling stress as a result of exposure to SC
CO2 under mechanically confined conditions. In contrast, control experiments performed on
Na-SWy-1 montmorillonite using Ar, exhibit limited swelling stress (2-3MPa) due to poroelastic expansion of the samples. The larger effect of CO2 reflects intercalation of CO2
molecules into the interlayer structure of smectite and possibly effects of clay surface sorption
too. The maximum effective swelling stress attained under the present conditions, including
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poro-elastic effects, was almost 11 MPa for Na-SWy-1 clay at an initial effective stress
simulating a burial depth of ~0.8 km. When extrapolated to zero sample swelling strain (at
which point swelling is exactly accommodated by compressive elastic deformation of the
samples), the swelling stresses predicted reach values of up to 43MPa. These results indicate
that CO2-induced swelling and self-stressing can be expected to occur and are significant at
in-situ conditions corresponding to 0.8-2.0 km of burial.
2. The CO2-induced swelling stress produced in Na-SWy-1 montmorillonite decreases
with increasing effective stress, or simulated burial depth, to a magnitude of ~7.0 MPa for a
simulated depth of ~1.83km (effective stress of 22.93MPa). This effect, and the overall selfstressing behavior observed over and above the poro-elastic effect, are qualitatively consistent
with recent thermodynamic models (e.g. by Hol et al., 2012 and Liu et al. 2016) describing
the coupled stress-strain-sorption behavior of solids that swell when a sorbate is taken up into
their structure.
3. The Ca-SAz-1 smectite samples investigated in present study developed significantly
(50%) higher swelling stress than the Na-SWy-1 samples under similar P-T, humidity and
effective stress conditions. We speculate that this is related to the lager interlayer spacing of
Ca-SAz-1 versus Na-SWy-1 montmorillonite, which results from a higher initial hydration
state at the lab RH condition and larger interlayer cation Ca2+. Together, these may allow more
CO2 molecules to be uptaken into the interlayer space and hence retained there.
4. In view of its limited smectite content (53%), the smectite-bearing shale developed
unexpectedly high swelling stresses upon exposure to CO2 under the same conditions used in
the experiments on Na-SWy-1 and Ca- SAz-1 smectites, generating ~9.3 MPa for a simulated
burial depth of almost 2.0 km. This may reflect (a) the higher stiffness of the smectite shale,
resulting from the presence of stiff minerals such as quartz, (b) the intrinsic interlayer
properties and hydration state of the smectite phase(s) present, (c) the possibility of a swelling
stress being produced by CO2 uptake on the surface of non-swelling clay mineral constituents,
such as illite and kaolinite. These possibilities require further investigation.
5. The swelling stresses measured under confined conditions in the present study are
qualitatively consistent with expectations based on the swelling strains of several percent
measured previously on the same materials under unconfined conditions (e.g. de Jong et al.,
2014) and on the stiffness of the present experimental set-up. Taken together, the results
suggest that penetration of smectite-bearing caprocks or fault rocks by CO2, at CO2 storage
sites, will tend to produce local swelling and self-stressing behavior, increasing normal
stresses to close cracks and improve sealing capacity rather than degrading it. However, there
is also a possibility that swelling-induced shear stresses could promote fault reactivation and
damage development, and that water scavenging by dry CO 2 could dehydrate wet smectites
to cause shrinkage and crack opening. To confirm/evaluate these possibilities, further
experimental research (e.g. flow through experiment on smectite bearing carprock materials
using dry and/or wet CO2 as flowing fluid) and numerical modelling research are needed.
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6. The present experiments have focused on smectite hydration states in equilibrium
with atmospheric moisture (T=20-25℃, RH=40~60%) at a nominal temperature of 44°C, as
this state (0 to 1 water interlayers in Na-SWy-1 smectite, 1 to 2 water interlayers in Ca-SAz1 smectite) is believed to be achieved under in-situ conditions corresponding to 1 to 2 or
perhaps 3 km depth. Future work should confirm that the assumed hydration states are indeed
the hydration states under in-situ conditions, and the observed swelling stress effect would
indeed occur under reservoir conditions. This can be done by investigating swelling and selfstressing behaviour under in-situ conditions and at various relative humidity, including that
buffered by the presence of liquid pore water.
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Supplementary materials – Appendices 1-6
Table A1. Nomenclature used in supplementary materials presented
𝑨𝑹𝒆

Cross sectional area of Remanit piston

𝑨𝒔

Cross sectional area of sample

F
𝑭𝒂𝒅

Swelling force associated with CO2 adsorption

𝑭𝑷𝒂𝒑

Axial load change produced by pressurization in empty sample
chamber with gas/fluid at fixed Instron control position (fixed xin)

𝑭𝒆

Effective force supported by the sample

𝒆𝒒
𝑭𝒆

Effective force supported by the sample at equilibrium of a
swelling stress test

𝑭𝒑𝒆

Swelling force associated with poro-elastic effect

𝑭𝒔𝒕𝒂𝒓𝒕

Uniaxial force applied to the sample at the start of swelling stress
test, i.e. before introduction of pore fluid

𝑭𝒔𝒘

Swelling force developed by sample due to swelling effect

𝑭∈=𝟎
𝒔𝒘

Swelling force extrapolated to zero sample strain

𝒆𝒒

𝑭𝒔𝒘

Swelling force developed by sample at apparent equilibrium

𝑭𝒕𝒔𝒘

Swelling force developed by sample at time ‘t’ following the start
of swelling stress test

𝑭

Axial load measured by load transducer at time ‘t’ following fluid
pressurization in the compaction vessel

𝒌𝒆𝒒

Equivalent stiffness of frame and load transition system

𝒌𝒑

Stiffness of the combination of Remanit and Titanium pistons

𝒌𝒔

Stiffness of sample

𝒍𝟏

Length of the load cell and spherical seat system, see Figure A1

𝒕
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Uniaxial force measured by load transducer

𝒍𝟐

Length of pistons (plus thickness of sample if present), see Figure
A1

𝒍𝟑

Length of loading shaft, see Figure A1

𝒍𝟒

Length of Instron frame, see Figure A1

m

Slope of axial load as a linear function of fluid pressure for empty
sample chamber at fixed Instron control position (fixed xin)

n

Slope of external LVDT signal as a linear function of fluid
pressure for empty sample chamber at fixed Instron control
position (fixed xin)

𝑷

Fluid pressure in the compaction vessel

𝒙𝒂𝒅

Sample expansion due to adsorption-induced swelling

𝒙𝑷𝒂𝒑

External LVDT position change due to pressurization of empty
sample chamber with gas/fluid at fixed Instron control position
(fixed xin)

𝒙𝒆𝒙

Position of external LVDT

𝒙𝟎𝒆𝒙

Position of external LVDT at the start of each loading test

𝒆𝒒
𝒙𝒆𝒙

position of external LVDT at the equilibrium of per swelling
stress test

𝒙𝒕𝒆𝒙

Position of external LVDT at time ‘t’ following start of each
swelling stress test

𝒙𝒊𝒏

Position of internal LVDT

𝒙𝒑

Length of Remanit and Titanium pistons combined

𝒙𝑭𝒑

Change in length of pistons due to change in axial force at
constant temperature and fluid pressure

𝒙𝒑𝒆

Sample expansion due to poro-elastic swelling

𝒙𝒔

Sample thickness

𝒙𝟎𝒔

Sample thickness at the start of per swelling stress test
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𝒙𝒆𝒍
𝒔

Sample elastic deformation

𝒙𝒕𝒔

Sample thickness at time ‘t’ following the start of per swelling
stress test

𝒙𝒔𝒘

Sample swelling deformation

𝒙𝒔𝒘

Sample swelling deformation at the apparent equilibrium of per
swelling stress test

𝒙𝒕𝒔𝒘

Sample swelling deformation at time ‘t’ following the start of per
swelling stress test

𝝈𝒆

Effective stress applied on the sample

𝒆𝒒

𝒆𝒒

𝝈𝒆

𝝈𝒔𝒕𝒂𝒓𝒕

Uniaxial stress applied on the sample at the start of swelling
stress test, i.e. before introduction of pore fluid

∈=𝟎
𝝈𝒔𝒘

Swelling stress extrapolated to attain at zero sample strain

𝝈𝒔𝒘

Swelling stress developed by sample at apparent equilibrium in
swelling stress test

𝝈𝒕𝒔𝒘

Swelling stress developed by sample at time ‘t’ following the
start of per swelling stress test

𝒆𝒒
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Effective stress applied on the sample at equilibrium of a
swelling stress test
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In the present compression tests, any change in uniaxial load (at constant temperature),
induced by either fluid pressure changes or sample swelling, inevitably lead to elastic
deformation of the experimental system, including 1) the load cell and spherical seat system,
2) the Remanit steel pistons and the Ti pistons (plus sample if present) located within the
Remanit steel pressure vessel, 3) the loading shaft and 4) Instron loading frame. The length
of each of these “components” is denoted by l1, l2, l3, l4 respectively, as shown in Figure A1.

Figure A.1: Schematic representation of the Instron loading system plus pressure vessel and
sample set-up employed in present study. Components subjected to elastic deformation are
divided into four subgroups and labelled as l1,l2,l3,and l4.
Cyclic loading and unloading tests were performed to calibrate the elastic distortion of
these various components of the experimental setup. The tests were carried out at identical
conditions to those employed in our swelling stress tests (i.e. constant fluid pressure of 10MPa
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and temperature of 40˚C), but without a sample present in the Ti compaction vessel. This
means that the response of the apparatus only was measured. Representative result of an
individual cyclic loading and unloading test is shown in Figure A2. Load path of the test and
position signal which was measured by the external LVDT mounted on upper Remanit piston
(𝑥𝑒𝑥 ) were illustrated in Figure A2a, while the LVDT position signal was plotted against axial
load in Figure A2b. A five order polynomial fit was made to the external LVDT signal as a
function of axial load (see. Figure A2b), yielding a non-linear displacement-force function
written
(0.1)
0

(a)

-0.005
-0.01
-0.015
-0.02
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LVDT position

0

-0.03

0
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7.5
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6
5.5
5
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4
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𝑥𝑒𝑥 = 𝑓(𝐹)
(b)

-0.005
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+ 0.3647x - 0.3816
R² = 0.9993
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-0.02
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Ext. LVDT position
Poly. fit

-0.03
-0.035

-0.035
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7
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Figure A.2: Results of calibration of pistons response to changes in axial load at a fluid
pressure (CO2) of 10 MPa and temperature of 40˚C, with no sample being present in the
compaction vessel. a) Axial load and external LVDT position plotted versus time, indicating
the load path and corresponding change of LVDT position during cyclic loading and
unloading; b) External LVDT position signal plotted against axial load plus 5th order
polynominal fit to the LVDT signal as a function of axial load.
Assuming that deformation of the massive Remanit compaction vessel is negligible during
loading, the change in position signal of external LVDT represents the combined distortion
of the Remanit and Ti pistons. Hence, we can write
𝒅𝒙𝒆𝒙 = 𝒅𝒍𝟐
(0.2)
With no sample present in the apparatus, 𝑙2 equals the sum of the lengths of the two pairs of
pistons 𝑥𝑝 , so that
𝑑𝑥𝑒𝑥 = 𝑑𝑙2 = 𝑑𝑥𝑝
(0.3)
Combining equation 1.1 and 1.3 hence yields
𝑑𝑥𝑝 = 𝑑𝑙2 = 𝑑𝑓(𝐹)
(0.4)
𝐹
This enables the piston distortion associated with change of axial load (𝑥𝑝 ) from F0 to F1 to
be accurately obtained from
𝐹

𝑥𝑝𝐹 = ∫𝐹 1 𝑓 ′ (𝐹) 𝑑𝐹
0
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(0.5)
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Now, since the stiffness of the pistons varies with applied force, the stiffness at any given
value of axial load F is given by
𝑑𝐹
𝑑𝑥𝑝

=−

𝑑𝐹
𝑑𝑥𝑒𝑥

=

𝑑𝐹

(0.6)

𝑑𝑓(𝐹)

Here we take compressive force as positive, and we use this convention throughout
appendices presented in this supplementary material.
Given the fact that the variation of piston stiffness over the range of axial force employed in
our experiments is small, the slope derived from a linear fit of external LVDT position
versus axial force was used to represent the stiffness of the pistons (𝑘𝑝 = 130𝑘𝑁/𝑚𝑚). In
addition, the piston distortion corresponding to the change in axial force (𝑥𝑝𝐹 ) from F0 to F1
can then be calculated with good accuracy from
𝑥𝑝𝐹 = −

𝐹1 − 𝐹0

(0.7)

𝑘𝑝

Note that equations 1.5 and 1.7 can only be applied to calculate the elastic deformation of
the pistons resulting from changes in the axial load at constant temperature (44˚C) and fluid
pressure (10MPa), and are not applicable for calculation of pistons distortion associated with
fluid pressurization of the sample vessel. Calibration of piston distortion induced by
pressurization will be described in Appendix 2 of present Supplementary Material.

At the same time, since l1 + l2 + l3 - l4 = 0, the displacements measured at the internal Instron
LVDT ( 𝑥𝑖𝑛 ) and external LVDT (𝑥𝑒𝑥 ) must satisfy the relation
𝑑𝑥𝑖𝑛 = 𝑑𝑥𝑒𝑥 + 𝑑𝑙1 + 𝑑𝑙3 − 𝑑𝑙4
(0.8)
This is then equivalent to
𝑑𝑥𝑖𝑛 − 𝑑𝑥𝑒𝑥 = −

𝑑𝐹
𝑘1

−

𝑑𝐹
𝑘3

+

𝑑𝐹
𝑘4

=−

𝑑𝐹
𝑘1 𝑘3 𝑘4
𝑘3 𝑘4 +𝑘1 𝑘4 −𝑘1 𝑘3

(0.9)

where, 𝑘1 , 𝑘3 and 𝑘4 respectively represent the stiffness of the corresponding load
supporting components shown in Figure A1. Equation 1.9 shows that changes in position of
internal and external LVDTs are correlated via the mechanical properties (stiffness) of
Instron loading system. Using 𝑘𝑒𝑞 to denote the equivalent stiffness of the combination of
the above three subsystems, we obtain
𝑘𝑒𝑞 =

𝑘3 𝑘4 +𝑘1 𝑘4 −𝑘1 𝑘3
𝑘1 𝑘3 𝑘4

=

𝑑𝐹
𝑑𝑥𝑒𝑥 −𝑑𝑥𝑖𝑛

(0.10)

Similar to the stiffness of pistons, the equivalent stiffness of load supporting components
only varies a very small amount within the range of axial load employed in our compression
experiments. Therefore, the slope derived from a best linear fit to the axial load versus the
difference between the changes in internal and external LVDT positions is used as the
equivalent stiffness 𝑘𝑒𝑞 in our calculations.
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Appendix 2. Calibration of machine response to fluid pressurization in fixed
piston position condition
Several individual tests were performed by pressurizing CO2 in the compaction
vessel at the same conditions as we used to perform swelling stress experiments, but with no
sample present in the Ti vessel. The aim of these calibration runs was to obtain the
benchmark machine response to pore fluid pressurization, independently of all other effects.
In these runs, axial load and external LVDT position signals were measured as a
function of fluid pressure. The results for an individual test performed at an initial axial load
of 4.1kN are plotted versus fluid pressure, as an example, in Figure A2. Best fits to axial
load and LVDT position as function of fluid pressure applied (Figure A2) indicate linear
behaviour of the machine in response to fluid pressurization. The linear relations obtained
are written as
𝐹 = 𝐹𝑠𝑡𝑎𝑟𝑡 + 𝑚 ∙ 𝑃
(0.11)
0
𝑥𝑒𝑥 = 𝑥𝑒𝑥
+𝑛∙𝑃
(0.12)
where 𝐹𝑠𝑡𝑎𝑟𝑡 is the pre-determined axial force applied at fixed piston condition, before
0
introduction of fluid pressure, 𝑥𝑒𝑥
is the external LVDT position corresponding to 𝐹𝑠𝑡𝑎𝑟𝑡 , F
and xex are respectively the axial force and external LVDT position measured at fluid
0
pressure of P. For a given 𝐹𝑠𝑡𝑎𝑟𝑡 and 𝑥𝑒𝑥
, functions derived from such plots allowed us to
quantify axial load and external LVDT position reached at any applied fluid pressure.
Moreover, we can write
𝑃
𝐹𝑎𝑝
= 𝐹 − 𝐹𝑝𝑟𝑒 = 𝑚 ∙ 𝑃
(0.13)
𝑃
0
𝑥𝑎𝑝
= 𝑥𝑝𝑃 = 𝑥𝑒𝑥 − 𝑥𝑒𝑥
=𝑛∙𝑃

(0.14)

𝑃
𝑃
where 𝐹𝑎𝑝
and 𝑥𝑎𝑝
respectively denote benchmark changes in measured axial load and
external LVDT position (in essence the distortion of pistons, 𝑥𝑝𝑃 ) owing to pressurizationinduced machine response.

(a)

(b)

Figure A.3: Results of an individual calibration of machine response to vessel pressurization
with no sample being present. (a) Plot of axial load versus fluid pressure (i.e. machine
response to pressurization), showing that axial load is a linear function of fluid pressure, with
a fitted slope of m=0.09545 kN/MPa ; (b) External LVDT signal plotted versus fluid pressure;
linear fit gives slope n=0.000740 mm/MPa.

68

These two equations allow correction of measured force and measured displacement for
machine response due to fluid pressurization, i.e. in calculating sample swelling stress and
deformation. The coefficients m and n derived from all individual calibration tests conducted
at different 𝐹𝑠𝑡𝑎𝑟𝑡 are given in Table 1. These data show that the m and n values obtained for
different tests are consistent, which indicates that machine response to pressurization is close
to linearly elastic. We therefore used average value of m and n (i.e. 𝑚
̅ and 𝑛̅ ) for the
calculation of benchmark machine response to fluid pressurization, independently of other
effects.
Table A2. Conditions and results of calibration of machine response to vessel pressurization.
NO.

𝐹𝑠𝑡𝑎𝑟𝑡
kN
4
4
4
4
3.5
3.5
4.5
4.5
4.5

A1
A2
A3
A4
B1
B2
C1
C2
C3
Mean
Standard Deviation

CO2 pressure
MPa
9.970587
10.8999
10.71846
10.36269
9.997501
10.5542
10.23562
10.62282
10.08756

Temperature
˚C
44
44
44
44
44
44
44
44
44

m
kN/MPa
0.100295
0.091744
0.093297
0.0965
0.100025
0.094749
0.097698
0.094137
0.099132
0.096397

n
mm/MPa
0.000534
0.000766
0.000754
0.000442
0.000421
0.000842
0.00057
0.0007678
0.000753
0.00064998

0.0029178

0.0001495
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Appendix 3. Calculation of apparent swelling stress and concomitant swelling
deformation
For each swelling stress measurement, started with a pre-determined axial load (𝐹𝑠𝑡𝑎𝑟𝑡 )
applied to the sample, axial force measured by the Instron load cell at any instant ‘t’ following
the introduction of CO2 (denoted by 𝐹 𝑡 ), is equal to the sum of the pre-determined axial load,
𝑃
the force increment associated with the apparatus response to pressurization (𝐹𝑎𝑝
) and the
𝑡
swelling force exerted by the sample swelling due to adsorption (𝐹𝑠𝑤
), i.e.
𝑃
𝑡
𝐹 𝑡 = 𝐹𝑠𝑡𝑎𝑟𝑡 + 𝐹𝑎𝑝
+ 𝐹𝑠𝑤

(0.15)

𝑡
Combining equations 1.13 and 1.15 and solving for 𝐹𝑠𝑤
, the apparent/measured swelling
force at any instant ‘t’ is given by
𝑡
𝐹𝑠𝑤
= 𝐹 𝑡 − 𝐹𝑠𝑡𝑎𝑟𝑡 − 𝑚 ∙ 𝑃

(0.16)

𝑡
The apparent swelling stress attained at time ‘t’ (denoted by 𝜎𝑠𝑤𝑒𝑙
) can accordingly be
calculated by dividing the apparent swelling force by the cross-section area of sample 𝐴𝑠 ,
i.e. from
𝑡
𝑡
𝜎𝑠𝑤
= 𝐹𝑠𝑤
/𝐴𝑠

(0.17)

𝑒𝑞

and the apparent equilibrium swelling stress (𝜎𝑠𝑤 ) is given by
𝑒𝑞

𝜎𝑠𝑤 =

𝑒𝑞

𝐹𝑠𝑤
𝑆𝑠

=

𝐹𝑒𝑞 −𝐹𝑠𝑡𝑎𝑟𝑡 −𝑚∙𝑃
𝐴𝑠

(0.18)

where 𝐹 𝑒𝑞 is the axial load measured at apparent equilibrium of per swelling stress test, and
𝑒𝑞
𝐹𝑠𝑤 is the corresponding swelling force developed by sample.
On the other hand, for any swelling stress measurement test, with a sample present in the
compaction vessel, the length 𝑙2 equals the length of the pistons (𝑥𝑝 ) plus the thickness of
sample (𝑥𝑠 ), i.e. 𝑙2 = 𝑥𝑝 + 𝑥𝑠 . Given equation 1.2, the external LVDT position at any time
‘t’ must satisfy
𝑑𝑥𝑒𝑥 = 𝑑𝑙2 = 𝑑𝑥𝑠 + 𝑑𝑥𝑝

(0.19)

That means any infinitesimal displacement measured by the external LVDT represents the
sum of the infinitesimal change in the sample thickness (𝑑𝑥𝑠 ) and the infinitesimal
deformation of pistons (𝑑𝑥𝑝 ). Here, the change in length 𝑥𝑝 of the pistons, following
pressurization of CO2 in the compaction vessel, is attributed to two effects occurring
simultaneously and independently: 1) piston distortion induced by machine response to
𝑃
pressurization (𝑥𝑎𝑝
), which is calibrated and given by equation 1.14; 2) elastic compression
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of the pistons caused by the development of the apparent swelling force (𝑥𝑝𝐹 ), which can be
quantified using equation 1.7. Therefore, we have
(0.20)

Substituting equation 1.20 into 1.19 and solving for 𝑑𝑥𝑠 , this yields
𝑑𝑥𝑠 = 𝑑𝑥𝑒𝑥 − 𝑛 ∙ 𝑑𝑃 + 𝑑𝐹𝑠𝑤 /𝑘𝑝

(0.21)

During swelling stress measurement, the sample thickness (𝑥𝑠 ) at any instant equals the
starting sample thickness (i.e. the sample thickness under the pre-determined axial load
before introduction of CO2, denoted by 𝑥𝑠0 ) plus the sample swelling deformation (𝑥𝑠𝑤 )
accompanying development of swelling force, that is
𝑥𝑠 = 𝑥𝑠0 + 𝑥𝑠𝑤
(0.22)
Integrating equation 1.21 from the starting time to any subsequent moment ‘t’, we have
𝑥𝑡

𝑥𝑡

𝐹𝑡

𝑃

∫𝑥 0𝑠 𝑑𝑥𝑠 = ∫𝑥 0𝑒𝑥 𝑑𝑥𝑒𝑥 − 𝑛 ∙ ∫0 𝑑𝑃 + ∫0 𝑠𝑤 𝑑𝐹𝑠𝑤 /𝑘𝑝

(0.23)

𝑡
𝑡
0
𝑡
𝑥𝑠𝑤
= 𝑥𝑠𝑡 − 𝑥𝑠0 = 𝑥𝑒𝑥
− 𝑥𝑒𝑥
− 𝑛 ∙ 𝑃 + 𝐹𝑠𝑤
/𝑘𝑝

(0.24)

𝑠

𝑒𝑥

hence yielding

here the superscript ‘t’ denotes the corresponding variables at time ‘t’, and superscript
‘0’represents the corresponding variables at the moment when the swelling test was about to
start, i.e. the moment that CO2 was about to be introduced.
When the apparent equilibrium state of the experiment was reached, the swelling
𝑒𝑞
deformation occurring in the sample at equilibrium (𝑥𝑠𝑤 ) can accordingly be obtained using
𝑒𝑞

𝑒𝑞

𝑒𝑞

0
𝑥𝑠𝑤 = 𝑥𝑒𝑥 − 𝑥𝑒𝑥
− 𝑛 ∙ 𝑃 + 𝐹𝑠𝑤 /𝑘𝑝

(0.25)

𝑒𝑞
𝑥𝑒𝑥

where
and P are respectively external LVDT position and CO2 pressure at apparent
equilibrium state per experiment.
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Appendix 4. Determination of poro-elastic sample response to fluid
pressurization
The apparent swelling force (𝐹𝑠𝑤 ) hence stress (𝜎𝑠𝑤 ), and the concomitant sample
expansion (𝑥𝑠𝑤 ), as calculated using the method explained in Appendix 3, are essentially the
combined result of adsorption-induced swelling and poro-elastic deformation of the sample
due to the change in effect stress supported by the sample following fluid pressurization
(CO2). Hence we have
𝑥𝑠𝑤 = 𝑥 𝑎𝑑 + 𝑥 𝑝𝑒

(0.26)

𝐹𝑠𝑤 = 𝐹 𝑎𝑑 + 𝐹 𝑝𝑒

(0.27)

and

where 𝑥 𝑎𝑑 and 𝐹 𝑎𝑑 are respectively the sample expansion and swelling force developed due
to the swelling effect induced by CO2 adsorption, while 𝑥 𝑝𝑒 and 𝐹 𝑝𝑒 are the amounts of
sample expansion and swelling force attributed to swelling associated with the change in
effective stress supported by the sample after CO2 pressurization, i.e. the poro-elastic effect.
Note that the above mentioned swelling mechanisms are independent. To determine the
poro-elastic effect, we performed control swelling stress experiments using argon as the pore
fluid phase, as it is inert and believed not to cause swelling by adsorption. Three individual
tests were conducted, with an initial effective vertical stress of respective 11.9MPa, 12.3MPa
and 18.9MPa applied on the sample upon introduction of argon at 10MPa. In these three tests,
the apparent swelling stresses measured (i.e. poro-elastic effect) were respectively 2.5MPa,
3.1MPa and 2.8MPa, which average at 2.8MPa while the concomitant swelling deformations
were respectively 0.0050mm, 0.0061mm and 0.0057mm, which average at ~0.0056mm. The
swelling stresses and concomitant swelling deformations show almost no dependence upon
the effective vertical stress applied, indicating that the inferred poro-elastic effect is indeed
purely a mechanical property of the samples. Therefore, average values of the swelling stress
and concomitant swelling deformation measured in all three control tests, are used to represent
the pore-elastic effect, allowing us to quantify the swelling stress and swelling deformation
induced purely by CO2 uptake after subtracting the poro-elastic effect from the overall
apparent swelling stress and concomitant sample expansion measured.
As an example, the results of swelling stress test S2-M7 were plotted in comparison with
results of a control experiment using Ar in Figure A4, illustrating the significant extra swelling
effect related to CO2 uptake. Specifically, for both tests performed at similar initial effective
vertical stresses of ~12.5MPa, apparent swelling stresses attained at equilibrium are ~9.5MPa
with CO2 versus 2.5MPa for Ar, indicating that 7.0 MPa swelling stress developed due to CO 2
adsorption-induced swelling, with the difference in LVDT signal change for both tests
yielding an adsorption induced swelling deformation of 0.096mm.
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Figure A.4: Results of swelling stress test performed using CO2 (S2-M7) in comparison with
results of a control test performed with Ar. Both tests were performed at a similar initial
effective vertical stress of ~12.5MPa. The swelling effect observed in the control test
represents a poro-elastic effect only, while the extra swelling effect observed in the CO 2 test
indicates the independent effect of CO2 uptake.
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Appendix 5. Relationship between measured swelling stress and swelling strain
At fixed Instron piston conditions, the Instron machine was controlled in the mode that
the internal LVDT would undergo no displacement, i.e. 𝑑𝑥𝑖𝑛 = 0. Substituting this into
equation 1.10 and solving for 𝑑𝑥𝑒𝑥 ,we obtain
𝑑𝐹

𝑑𝑥𝑒𝑥 =

=

𝑘1 𝑘3 𝑘4
𝑘3 𝑘4 +𝑘1 𝑘4 −𝑘1 𝑘3

𝑑𝐹

(0.28)

𝑘𝑒𝑞

where dF is the infinitesimal change in the axial load.
Substituting equation 1.28 into equation 1.21 now yields
𝑑𝑥𝑠 =

𝑑𝐹
𝑘𝑒𝑞

+

𝑑𝐹𝑠𝑤
𝑘𝑝

− 𝑛 ∙ 𝑑𝑃

(0.29)

Calculating the derivative of equation 1.16, this yields
𝑑𝐹 = 𝑑𝐹𝑠𝑤 + 𝑚 ∙ 𝑑𝑃

(0.30)

Substituting equation 1.30 into equation 1.29 and rearranging, we then have
𝑑𝑥𝑠𝑤 =

(𝑘𝑝 +𝑘𝑒𝑞 )
𝑘𝑒𝑞 ∙𝑘𝑝

𝑑𝐹𝑠𝑤 +

𝑚∙𝑑𝑃
𝑘𝑒𝑞

− 𝑛 ∙ 𝑑𝑃

(0.31)

Combining equation 1.26 and 1.31, then
𝑑𝑥𝑠𝑤 = 𝑑𝑥 𝑝𝑒 + 𝑑𝑥 𝑎𝑑 =

(𝑘𝑝 +𝑘𝑒𝑞 )
𝑘𝑒𝑞 ∙𝑘𝑝

𝑑𝐹𝑠𝑤 +

𝑚∙𝑑𝑃
𝑘𝑒𝑞

− 𝑛 ∙ 𝑑𝑃

(0.32)

At the equilibrium state per swelling stress test, the pore fluid pressure P (10MPa) and
sample swelling attributable to the poro-elastic effect are constant. Hence the above
equation can be simplified to
𝑑𝑥 𝑎𝑑 =

(𝑘𝑝 +𝑘𝑒𝑞 )
𝑘𝑒𝑞 ∙𝑘𝑝

𝑑𝐹𝑠𝑤

(0.33)

Equation 1.33 clearly shows that an infinitesimal change in swelling stress generated at the
equilibrium state achieved in individual swelling stress tests is linearly proportional to
infinitesimal change in adsorption-induced sample swelling.
Dividing both sides of equation 1.33 by the effective axial load supported by the sample at
𝑒𝑞
equilibrium 𝐹𝑒 (since we are investigating the equilibrium state at constant fluid pressure
P=10 MPa), we obtain
𝑒𝑞

𝜕 𝐹𝑠𝑤
𝑒𝑞
𝜕𝐹𝑒

=

𝑘𝑒𝑞 ∙𝑘𝑝 𝜕𝑥 𝑎𝑑
𝑒𝑞

(𝑘𝑝 +𝑘𝑒𝑞 ) 𝜕𝐹𝑒

(0.34)

The swelling stresses measured at equilibrium in our experiments are plotted against the
total effective stresses applied on the sample at equilibrium in Figure A5. The equilibrium
swelling stress shows an inverse linear dependence on the equilibrium effective stress
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carried by the sample, with linear best fitting to these data resulting in a slope of
c=0.2811(MPa/MPa), so that the sensitivity of swelling stress to equilibrium effective stress
can be written as:
𝑒𝑞

𝜕𝜎𝑒

= −0.2811

(0.35)

= −0.2811

(0.36)

or
𝑒𝑞

∂𝐹𝑠𝑤

𝑒𝑞

𝜕𝐹𝑒

Employing these equations, we thus get
𝜕𝑥 𝑎𝑑
𝑒𝑞

𝜕𝐹𝑒

=

𝑒𝑞
(𝑘𝑝 +𝑘𝑒𝑞 ) ∂𝐹𝑠𝑤

𝑒𝑞

𝑘𝑒𝑞 ∙𝑘𝑝 𝜕𝐹𝑒

= −3.35 𝑢𝑚/𝑘𝑁

(0.37)

where c1 is a constant at constant temperature (40˚C) and CO2 pressure (10MPa). This
implies that, within the stress range investigated in our swelling stress measurement,
adsorption-induced sample deformation is linearly supressed by the effective force
(effective stress) supported by the sample at equilibrium.

𝑒𝑞

Figure A5. Maximum (i.e. near-equilibrium) swelling stress ( 𝜎𝑠𝑤 ) plotted against final
effective normal stress (σeeq) experienced by each sample at equilibrium with 10MPa CO 2.
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Appendix 6. Extrapolation of swelling stress to zero sample strain
conditions
Using the equations derived in Section 3, specifically equation 1.18 and 1.25, the
(apparent) equilibrium stress and the concomitant sample swelling deformation can be
calculated. In this section, we extrapolate the swelling stress measured in our experiments to
that which would be attained at zero sample strain. This amounts to applying extra force/stress
to the sample in order to cancel out the swelling deformation of the sample developed at the
(apparent) equilibrium state. During the course of exerting an extra force ( 𝐹𝑒𝑥𝑡𝑟𝑎 ), any
infinitesimal increment of axial force 𝑑𝐹𝑒𝑥𝑡𝑟𝑎 must comply with the equation
𝑑𝑥𝑠 = 𝑑𝑥𝑠𝑒𝑙 + 𝑑𝑥𝑠𝑤 = −

𝑑𝐹𝑒𝑥𝑡𝑟𝑎
𝑘𝑠

+ 𝑑𝑥𝑠𝑤

(0.38)

Substituting equation 1.37 into 1.38 then gives
𝑑𝑥𝑠 = −

𝑑𝐹𝑒𝑥𝑡𝑟𝑎
𝑘𝑠

+ 𝑐1 ∙ 𝑑𝐹𝑒𝑥𝑡𝑟𝑎

(0.39)

Integrating equation 1.39, from the equilibrium state of a swelling stress test to the state when
swelling strain is cancelled out by externally applied force, i.e. between the limits defined
𝑒𝑞
𝑒𝑞
∈=0
𝑥𝑠 ∈ (𝑎 = 𝑥𝑠0 + 𝑥𝑠𝑤 , 𝑏 = 𝑥𝑠0 ) and 𝐹 ∈ [0, 𝑢 = 𝐹𝑠𝑤
− 𝐹𝑠𝑤 ], where 𝑥𝑠0 is the starting sample
∈=0
thickness, and 𝐹𝑠𝑤
is the force applied when sample thickness returns to its original starting
value, now yields
𝑏

𝑢

∫𝑎 𝑑𝑥𝑠 = ∫0 −

𝑑𝐹𝑒𝑥𝑡𝑟𝑎
𝑘𝑠

𝑢

+ ∫0 𝑐1 ∙ 𝑑𝐹𝑒𝑥𝑡𝑟𝑎

(0.40)

∈=0
𝐹𝑠𝑤

Solving for
, we can hence obtain the swelling force developed when swelling
deformation of the sample is fully cancelled. The result obtained for the swelling force at zero
sample strain is
∈=0
𝐹𝑠𝑤
=

𝑒𝑞

𝑒𝑞

(1−𝑘𝑠 ∙𝑐1 )𝐹𝑠𝑤 +𝑘𝑠 ∙𝑥𝑠𝑤

(0.41)

1−𝑘𝑠 ∙𝑐1

while the swelling stress at zero sample strain is given
∈=0
𝜎𝑠𝑤
=
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∈=0
𝐹𝑠𝑤𝑒𝑙

𝐴𝑠

𝑒𝑞

=

𝑒𝑞

(1−𝑘𝑠 ∙𝑐1 )𝐹𝑠𝑤 +𝑘𝑠 ∙𝑥𝑠𝑤
(1−𝑘𝑠 ∙𝑐1 )∙𝐴𝑠

(0.42)
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Chapter 3
Abstract
To understand the mechanical effects of CO2 exposure-induced swelling/shrinkage of
smectites in smectite-rich caprocks and faults under confined reservoir conditions, we
measured the axial swelling stress developed in smectite aggregates exposed to supercritical
CO2 in a 1-D compaction vessel (oedometer). CO2 was introduced at 10MPa into Na-SWy-1
montmorillonite samples equilibrated with lab humidity, liquid water or under vacuum at
initial axial effective stresses (Terzaghi) of 10~32MPa and temperatures of 44~80C. All
sample types produced swelling stresses of 5–10MPa upon exposure to CO2, accompanied by
swelling strains of 1.5–3 % accommodated by apparatus distortion. Values up to 86 MPa were
attained at zero swelling strain. The stresses generated decreased with increasing initial axial
stress and temperature. Control experiments performed on vacuum-dry and air-dry samples,
employing Ar and He instead of CO2, demonstrated that about 20–40% of the swelling stress
obtained with CO2 was due to poro-elastic sample expansion and 60–80% to CO2-smectite
interaction. Together with further control tests on water-saturated Na-SWy-1 montmorillonite
and air-dry illite, the results show that CO2 exposure causes swelling stress development in
Na-SWy-1 montmorillonite, in excess of poro-elastic effects, only at hydration states in the
range 0–1W and not under water-saturated conditions. The swelling effect is produced by CO2
sorption not only into the interlayer structure but also on the external surface of the clay
platelets. Our data imply that, provided strains are limited to a few percent, tens of MPa
swelling stress can develop in smectite-bearing caprocks and fault rocks exposed to CO2 under
storage conditions.
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Carbon dioxide capture and storage (CCS) in depleted hydrocarbon reservoirs or
impotable aquifers offers an important option for mitigating global warming (Benson and
Cole, 2008; Hepple and Benson, 2005; White et al., 2003), especially if negative CO2 emission
are to be achieved (Van Vuuren et al., 2017; Kramer and Haigh, 2009). However, a key
concern regarding CCS is the long-term sealing capacity of a) the low permeability caprocks
overlying potential CO2 storage reservoirs and b) faults within such caprocks (Song and
Zhang, 2013; Wollenweber et al., 2010). Most caprocks are either argillaceous (clays,
mudstones and shales) or evaporitic (rock salt and/or anhydrite) (Michael et al., 2010; Griffith
et al., 2011; Hangx et al., 2010b, a). To assess leakage risks, much research has been done on
interactions between water (brine), CO2 and these rock types. Due to the abundance of
smectites in argillaceous caprocks at shallow crustal levels, interactions between CO2, water
and smectite clay minerals have received particular attention (Busch et al., 2016; Michael et
al., 2010).
Smectite clays consist of stacked silicate layers, each composed of two Si-O tetrahedral
sheets sandwiching an Al-O octahedral sheet, yielding a so-called TOT structure
(Schoonheydt and Johnston, 2013). Due to isomorphous substitutions, these layers are
negatively charged. They are bonded together to form a stacked crystal structure by
exchangeable multivalent cations (e.g. Na+, K+ and Ca2+) incorporated into the interlayer
region. These cations in turn attract cages of water molecules into the interlayer region,
forming layers up to 3 water molecules thick and causing swelling of the smectite lattice
normal to the basal silicate sheet plane. This effect has been extensively investigated (Bishop
et al., 1994; Ferrage et al., 2005; Ferrage et al., 2007; Cases et al., 1992; Cases et al., 1997;
Berend et al., 1995) and is manifested by a stepwise increase in basal spacing (d 001≈12.5Å,
15.5 Å and 18.5 Å), corresponding to intercalation of 1, 2 and 3 layers of water molecules
(hydration states 1W, 2W and 3W). The hydration state , d 001 spacing and swelling effect are
influenced by temperature, ambient water activity or relative humidity, the nature of the
interlayer cations and the surface charge of the silicate layers (e.g. Brigatti et al., 2006;
Schoonheydt and Johnston, 2013). In addition, a positive Terzaghi effective stress causes a
partial dehydration effect at upper crustal P-T conditions (Hüpers and Kopf, 2012; Fitts and
Brown, 1999). Taken together, these factors are believed to imply a smectite basal spacing of
10-15 Å (0–2W hydration state) at burial depths of 1–2km (cf. Wentinck and Busch, 2017;
Bird, 1984)
Besides interaction with H2O, smectites also interact with (Sc)CO2 at pressures and
temperatures relevant to CO2 storage. Using techniques such as X-ray diffraction, infrared
spectroscopy and neutron scattering, it is now well established that exposure of thin
montmorillonite films to (Sc)CO2 causes progressive CO2 uptake into the interlayer, plus an
increase in d001 spacing up to ~10%, at low and intermediate hydration states, e.g. 0W<H<1W
in Na-montmorillonite and 1W<H<2W in Ca-montmorillonite (Giesting et al., 2012a;
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Giesting et al., 2012b; Rother et al., 2013; Loring et al., 2012). Little or no swelling occurs at
integer hydration states, e.g. H=0W or H=1W (Loring et al., 2014; Giesting et al., 2012a), or
using N2 and inert gases (Schaef et al., 2012; Giesting et al., 2012a). By contrast, exposure of
H > 2W samples to anhydrous ScCO2 causes interlayer water loss and contraction (Giesting
et al., 2012b; Schaef et al., 2012; Schaef et al., 2015).
Alongside these experimental studies, molecular dynamics simulations have
demonstrated the feasibility of CO2 intercalation into the interlayer region of smectites (Botan
et al., 2010; Cygan et al., 2012; Myshakin et al., 2013), as well as the likely configuration of
and interactions between interlayer species (Criscenti and Cygan, 2013; Myshakin et al.,
2013; Myshakin et al., 2014; Lee et al., 2014). They have also helped constrain changes in the
thermodynamic and physical properties of smectites caused by CO 2 and water uptake
(Kadoura et al., 2017; Yang and Zaoui, 2016; Rao and Leng, 2016; Kadoura et al., 2016;
Zhang et al., 2015; Makaremi et al., 2015; Criscenti and Cygan, 2013; Zhang et al., 2017).
Conventional sorption experiments on smectite-rich clay powders have further
demonstrated CO2 uptake plus swelling at pressure, temperature and hydration conditions
relevant to CO2 storage (Busch et al., 2008; Heller and Zoback, 2014). Aiming at measuring
mechanical swelling at the scale of ‘whole rock’ samples, de Jong et al. (2014) measured the
volumetric strains exhibited by pre-pressed montmorillonite (Na-SWy-1, 1≤H<1W) cubes
immersed in scCO2 at 45 C and pressures up to 15 MPa. The optical technique used revealed
less swelling (<2.5%) than obtained using XRD methods under similar conditions, implying
that an aggregate or scale effect plays a role in determining the swelling behaviour of
macroscopic smectite-rich samples upon exposure to CO2.
While much has been learned about CO2–H2O interactions with and swelling/shrinkage
of smectites from the unconfined hydrostatic experiments described above, the implications
for the sealing capacity of clay-rich caprocks and faults in the subsurface remain poorly
constrained. In particular, the sensitivity of CO 2-induced swelling/shrinkage behaviour to
hydration state, coupled with the uncertainties in hydration state under subsurface conditions
disturbed by CO2 injection and migration, mean that the effects of smectite volume changes
on caprock and fault integrity are hard to predict. In addition, preliminary experiments by
Zhang et al. (2018) have shown that the swelling response of smectites to ingress of CO 2
generates a swelling stress under lithostatic conditions, due to confinement by the surrounding
material (i.e. under limited or zero displacement boundary conditions). This self-stressing
effect, which is similar to that identified in coal exposed to ScCO2 (e.g. Hol et al., 2012; Liu
et al., 2017; Espinoza et al., 2014a), may either enhance or degrade the sealing integrity of
caprocks (Wollenweber et al., 2010; Busch et al., 2016), depending on the CO2 uptake
capacity, the magnitude of the swelling effect and the swelling stress developed. As yet,
however, few experimental data exist on (a) the magnitude of swelling stress produced by
CO2 uptake under confined conditions, (b) the effect of temperature and water activity (or
water saturation), and (c) whether the stress state supported by solid phase (i.e. the clay-rich
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The preliminary experiments reported by Zhang et al. (2018) consisted of laterally
confined, uniaxial compression experiments on pre-pressed pellets of naturally occurring Narich SWy-1 montmorillonite. These were conducted using a 1-D compaction vessel
(oedometer), operated at 44°C in fixed-piston-position mode, measuring the change in axial
effective stress (Terzaghi) developed upon injection of supercritical CO 2 into the porous
sample after pre-equilibration with lab humidity (RH≈45% at ~22°C), i.e. with hydration state
0W<H<1W. In the present paper, we apply similar experimental methods to investigate
swelling stress development under a much wider range of likely in-situ conditions, i.e. at
hydration states ranging from vacuum dried to liquid-water-equilibrated, and at temperatures
from 44 to 80 °C. The pressure, temperature and hydration conditions employed are intended
to simulate those relevant to CO2 storage systems at depths of 1 to 2 km. The main objective
is to provide systematic data on the magnitude of the swelling stresses that can be generated
in smectite-rich caprock materials under realistic in-situ conditions upon CO2 injection.
Further, we test how effective stress development due to CO2 introduction is distributed
between adsorption-induced effects versus poro-elastic effects and whether adsorptioninduced stress development decreases with increasing applied stress, as inferred by Zhang et
al. (2018). Note that throughout this paper, the term “effective stress” refers to the Terzaghi
effective stress. The term “swelling stress” is defined as the change in the axial effective stress
following introduction of CO2 into the sample and accordingly includes stress changes caused
by both sorption and poro-elastic phenomena.

3.2 Experimental methods
The present experiments, consisted of laterally confined, 1-D compression tests
(uniaxial strain, triaxial stress), employed to determine the axial swelling stress exerted by
pre-pressed granular smectite samples following injection of scCO2. The experiments were
performed at a pore pressure of 10 MPa, temperatures of 44–80°C and initial axial effective
stresses of 9–27MPa. The hydration state of the samples was varied before testing, by
equilibration with lab air, liquid water, or else by drying under vacuum. In addition, systematic
control experiments were performed using He, Ar, liquid water and CO2-saturated water at 10
MPa pore fluid pressure, to distinguish the specific effects of CO2. Control experiments were
also conducted on illite clay samples, pre-dried in lab air and then introducing CO2, to
discriminate any clay surface adsorption effects from interlayer swelling mechanisms specific
to smectites.

3.2.1 Starting materials
The starting smectite material used is a naturally occurring Na-rich Wyoming
montmorillonite (SWy-1), obtained from the Source Clays Repository of the Clay Minerals
Society, Missouri. The SWy-1 clay is a low-charge montmorillonite (CEC = 76.4 meq/100g)
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with solid solution substitutions occurring in both the tetra- and octahedral silicate sheets. The
published structural formula is (Ca0.12 Na0.32 K0.05)[Al3.01 Fe(III)0.41 Mn0.01 Mg0.54Ti0.02][Si7.98
Al0.02]O20(OH)4(http://www.clays.org/SOURCE CLAYS/SCdata.html). The material was
used as-received. Quantitative XRD analysis at RWTH Aachen University showed that the
SWy-1 is composed of 73% (Na-rich) smectite, 10% quartz, 6% muscovite/illite, 9% feldspar
plus traces of carbonate and gypsum (de Jong et al., 2014). The illite rich material investigated
in present study, as analyzed by XRD, was composed of 62% illite and illite-like
phyllosilicates plus 38% quartz. All CO2, Argon and Helium used in the present study were
>99.99% pure.

3.2.2 Experimental apparatus
The 1-D compaction set-up (oedometer) used for our swelling stress experiments is
illustrated in Figure 1 (see also Zhang et al., 2018). In this system, a cylindrical Titanium
vessel (19mm outer diameter, 12.15mm inner diameter) contains the clay sample, with the
sample sandwiched between lower and upper Titanium pistons plus porous Ti plate to form
the sample assembly (Figure 1a). This is accommodated in a Remanit stainless steel
compaction vessel (inner diameter=19.1 mm), and loaded via two Remanit pistons (Φ=19
mm) using an Instron 8562 testing machine equipped with a 100kN load cell. All pistons were
sealed in their respective outer vessels with Viton O-rings, except for the top piston in the Ti
vessel. Bores in the top Remanit and titanium pistons allow gas/water to be introduced into,
or evacuated from, the sample assembly via the inlet/outlet in the upper Remanit piston. The
fluid pressure in the system is controlled using a ISCO 65D syringe pump (or an argonbuffered separator/accumulator in the earlier tests) and measured using a MSI (0 – 35 MPa)
transducer placed adjacent to the gas/fluid inlet. The temperature of the Remanit vessel and
its contents are controlled using an external furnace, regulated by a CAL 9900 PID
temperature controller, responding to the signal of a type K thermocouple located in the
windings of the external furnace. Sample temperature is measured using a second type K
thermocouple located ~0.5 mm from the titanium sample vessel (Figure 1b). Displacement of
the Instron loading ram is measured using a linear variable displacement transformer mounted
in the drive system (internal LVDT). An external LVDT is located on the top Remanit piston,
measuring its displacement relative to the top surface of the Remanit vessel, thus allowing
changes in sample thickness to be accurately monitored after correcting for the piston
distortion. Axial load, displacement, temperature and pressure signals were logged digitally
at a frequency of 1 Hz using a National Instruments VI Logger plus PC.

3.2.3 Sample preparation and pre-conditioning
Our experiments on montmorillonite were performed using samples prepared in three
conditions, namely lab-air-dry (denoted by AD), water wetted/saturated (WW) and vacuumdry (VD). Each sample was prepared using a ~0.15 g mass of Na-rich SWy-1 montmorillonite
(MM) powder. For preparation of AD samples equilibrated with respect to lab air and
humidity (RH=40–60% at 20–25 °C), the as-received MM powder was first placed in the
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titanium vessel (Figure 1a) and then lightly compressed by hand, between the upper and lower
titanium pistons, to yield a flat, disc-shaped sample of ~1 mm thickness. The sample assembly
(i.e. the sample, Titanium vessel and pistons) was subsequently transferred to the Remanit
compaction vessel leaving the pore fluid port open to the lab air. Vacuum dry samples (VD
samples) were prepared in the same way but using pre-desiccated MM powders. These were
pre-desiccated in a vacuum chamber at room temperature for ~24 hours, and then dried further
for ~5 hours by applying a vacuum to the pore fluid port after installation in the testing
apparatus. Water saturated (WW) samples were prepared by adding ~2 mL of deionized water
to an AD sample after manual compression in the inner Ti vessel and before the sample
assembly was transferred to the compaction vessel. Note that the amount of water added was
sufficient to inundate the sample, and more than enough to saturate it.
Experiments on illite clay were performed only on samples pre-equilibrated with respect
to lab air(AD). These were prepared in similar manner to the AD smectite samples.

(a)

(b)

Figure 1. Semi-schematic representation of the present experimental set-up. (a) Sample
assembly consists of hand-compressed sample powder contained in a Titanium sample vessel;
(b) Uniaxial loading system. Sample assembly is housed in the Remanit compaction vessel.
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Pressurized CO2 is injected into the sample through a small bore in the center of upper
Remanit and Ti pistons.

3.2.4 Swelling stress measurement conditions and procedure
The experiments were conducted at subsurface P-T conditions corresponding to caprock
depths of ~0.8 to 2.2 km, hence initial axial effective stresses of 10–30MPa, and temperatures
of 44–80℃ (assuming an overburden density of 2250kg/m3, a hydrostatic pore fluid pressure
and a geothermal gradient of 25–30 °C/km). Three methods, referred to here as 1) the ‘quasiconstant-volume’ method, 2) the ‘zero-swelling’ method and 3) the ‘constant-stress’ method,
were used.
In the quasi-constant-volume method, the sample was pre-compacted at 60MPa axial
stress for ~4 hours, using the Instron testing machine operated in load control mode. This precompaction procedure was conducted at the target experimental temperature, while
simultaneously equilibrating the samples with lab air (RH=45~55% at T=20–25°C, AD
samples), with liquid water at 1 bar (WW samples), or under vacuum (VD samples). This
yielded samples with a diameter of 12mm and a pre-pressed thickness of 0.6~0.7mm. An axial
stress (σstart) of 25~45 MPa was then applied to the drained (AD, WW) or evacuated (VD)
sample and maintained constant until the external LVDT showed no further change in sample
thickness, indicating a new equilibrium state. The piston position was subsequently fixed by
shifting the Instron ram to position control mode, to limit axial expansion of the sample. In
experiments using CO2, the CO2 was then introduced to the sample at 10MPa, and the change
in axial stress resulting from the pore fluid pressure change plus any constrained swelling of
sample was monitored, along with the small swelling strain of the samples, and accompanying
machine distortion, which were manifested by small changes in external LVDT position.
Besides the quasi-constant volume experiments conducted with CO2, several control
tests were performed in this mode using Ar and He as the pore fluid. Two tests were done
using illite and CO2 instead of montmorillonite. In addition, one quasi-constant volume,
pressure-cycling experiment was performed on an AD Na-SWy-1 sample (no. T50ADCS1)
at 50 °C, using the following multi-stage procedure: (1) The sample was subjected to an initial
effective axial stress of ~18.5MPa and exposed to CO2 pressure at 10MPa, with the piston
position fixed until apparent equilibrium was reached. (2) The CO2 was then discharged from
the compaction vessel, and the sample was allowed to re-equilibrate with the lab air. This
procedure formed one pressure cycle (i.e. CO2=0–10–0MPa). (3) When the sample reached a
new equilibrium state, the second pressure cycle followed and then a third. (4) Following
these three pressure cycles using CO2, two pressure cycles were applied to the same sample
using inert Ar.
In the zero-swelling method, the quasi-constant-volume method was followed until the
sample reached equilibrium with CO2. The associated swelling of the sample (i.e. increase in
thickness) was then accurately calculated from the external LVDT signal, after correcting for
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machine deformation versus axial load increase caused by sample swelling and vessel
pressurization. Additional axial stress was subsequently applied by advancing the Instron
loading ram in position control mode, to bring the thickness of the sample back to its initial
value. This increase in axial stress was performed in small increments, allowing reequilibration at each stage. The operation was repeated until the sample reached zero swelling
strain. The total stress applied to achieve zero swelling will be referred to as the swelling
stress (change in Terzaghi effective stress) measured in zero-swelling mode, or the swelling
stress at zero sample strain.
The constant stress method was performed applying a constant effective stress to the
sample. It was implemented in only one experiment, using a WW sample of MM at 80℃. In
this experiment, the WW sample was first pressurized with deionized water at 10MPa, and
allowed to reach equilibrium under an effective stress of respective 34.1MPa, with the Instron
running in constant load mode. At equilibrium, i.e. when deformation had ceased, the water
pressure was quickly discharged, excess water was evacuated from the vessel, and CO 2 was
subsequently injected to the sample at 10MPa. Changes in sample thickness, relative to the
thickness attained at equilibrium with water at 10MPa, were measured via the external LVDT,
indicating the net effect of CO2 on the smectite sample at constant effective axial stress.
Note that most experiments performed with CO2, and all control experiments performed
using Ar/He, were carried out using the quasi-constant-volume method, while the zeroswelling method was used only in experiments on AD samples with CO 2 at 50℃. Following
test termination, each sample was pressed out of the Ti sample vessel, and the dimensions of
those that were retrieved intact were measured to provide the final referential thickness (Lf).

3.2.5 Determination of axial sample stiffness
In several individual compression tests, rapid cyclic loading/unloading tests were
conducted to obtain stress-strain curves for the material tested before the introduction of CO2.
These data were used to calculate the uniaxial stiffness modulus under the respective P-T and
hydration conditions, assuming that the rapid loading and unloading rate used was too fast for
significant sorption or creep to occur in the sample. This assumption is supported by the fact
that the cyclic loading was performed within a period of <2 minutes, whereas the observed
time to reach mechanical equilibration was typically >3hours.

3.2.6 Data processing and calibration
The measured position (internal and external LVDT), axial force, pore fluid pressure
and temperature signals were logged as described in Section 3.2.2. Axial force and position
were corrected for seal friction and machine deformation using pre-determined calibrations,
as described by Zhang et al. (2018). The initial (Terzaghi) effective axial stress 𝜎𝑒𝑖𝑛 acting on
each sample upon introduction of CO2, independently of any swelling/shrinkage effects in the
sample, was calculated from our machine calibration data. The change in sample length (ΔL),
in sample volume (ΔV), and in Terzaghi effective stress (σ e) supported by the sample at any
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instant, relative to their reference values attained at the initial effective stress, were also
calculated to obtain axial sample strain (εa), volumetric strain (εv), and swelling stress (σsw).
The uncertainty in axial deformation, axial load and effective stress were 0.5 μm, 0.05
kN and 0.45 MPa respectively. Since the samples in our compression tests were laterally
constrained, we assume that negligible lateral strain occurred during mechanical compression.
Hence the axial sample strain is equivalent to its volumetric strain, so that ε a = εv
=ΔL/L0=ΔV/V0, where L0 and V0 represent the length and volume of the samples at the stress
state 𝜎𝑒𝑖𝑛 . Since deformation of our samples are small, we took the average of final sample
thickness values measured after termination of each test (Lf) to represent L0.

3.2.7 XRD determination of sample hydration states
In order to constrain the hydration states achieved by the smectite samples under the
various P-T-H2O conditions used in our experiments, we performed XRD measurements on
a single SWy-1 smectite sample pre-equilibrated under controlled RH at varying temperature
(30, 40, 50, 60, 70, 80°C). These measurements were performed using a sealed, disk-shaped
sample cell equipped with an X-ray transmissive window (2 µm thick Mylar foil). The RH
was controlled by buffering with saturated salt solutions, with crystal mushes located in a
recess surrounding the sample. The temperature of the sample was measured using a type K
thermocouple with its tip placed within ~2mm of the sample. The cell was heated for
~20hours, to allow the smectite to equilibrate with the controlled humidity at target
temperature. XRD determinations of d001 spacing were measured as a function of temperature
and RH value using a Bruker D8 X-ray diffractometer with a copper sealed tube X-ray source
(see Appendix 1).
To relate the XRD-determined d-spacing data to individual mechanical tests on AD
samples, and hence obtain the hydration state of each AD sample before testing, the reference
RH of the air in the empty compaction vessel was calibrated at test temperatures of 40, 50, 60
and 80°C using a relative humidity probe (Campbell Scientific, model HC2S3-L) on days
having representative relative humidities of 45% 50 and 60% at 23°C. Combined with
continuous measurements of lab relative humidity, this procedure allowed us to constrain the
RH with which each AD sample pre-equilibrated in the swelling stress tests on these samples,
and to estimate the hydration state attained before loading.

3.3 Results
A total of 87 experiments was performed. These included 50 quasi-constant volume
tests, 5 zero swelling tests, and 1 constant stress test, all employing CO2 at 10MPa injection
pressure. In addition, 31 control experiments were performed using Ar, He and liquid water
as pore fluid, as well as 2 tests performed on illite-rich samples employing CO2. The complete
set of experiments and corresponding key data, plus the hydration state of each sample as
estimated from our XRD measurements, are listed in Table 1.
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3.3.1 Data obtained from the quasi-constant volume experiments
The initial effective axial stress 𝜎𝑒𝑖𝑛 acting on the sample upon application of 10MPa
CO2/Ar/He pressure, as calculated from the preceding applied stress (σ start), the instantaneous
pore pressure and our machine calibration data (see Zhang et al., 2018), is presented for each
clay experiment in Table 1, along with the equivalent (simulated) burial depth for each
sample. The test-specific difference between the pre-applied axial stress (σstart) and the initial
effective axial stress (𝜎𝑒𝑖𝑛 ), which represents the change in effective stresses (Δσe) supported
by the sample upon pore fluid introduction, is also given for each experiment in Table 1. The
magnitude of Δσe is around 15–17 MPa. This value varies from sample to sample due to minor
variations in the pore fluid pressure employed in each experiment (±0.2MPa) and
reproducibility errors in our calibrations.

3.3.1.2 Swelling stress data: quasi-constant volume tests with added CO2
a) SWy-1 samples
Swelling stress data were obtained using the quasi-constant-volume method, for AD,
VD and WW montmorillonite samples at temperatures of 44–80 °C, over initial axial effective
stresses (𝜎𝑒𝑖𝑛 ) ranging from 9 to 28MPa. All tests showed positive changes in effective axial
stress following introduction of CO2 at 10MPa, i.e. a swelling stress. The swelling stresses
measured fall in the range of 5.4 to 10.0 MPa. Figure 2 shows typical results for the
development of swelling stress and associated swelling strain seen in all samples (AD, VD
and WW). Figure 2a illustrates swelling stress development in an AD sample (T50ADCS4)
subjected to an initial effective stress of 16.32MPa at a temperature of 50°C. Figure 2b is a
plot for sample T50ADCS11, tested at 50°C with an initial effective stress of 26.12MPa. In
all samples tested, swelling stress developed swiftly after pressurization with CO 2, gradually
reaching a plateau (i.e. an apparent equilibrium state) after a few hours. Note that the sample
subjected to 16.32MPa initial effective stress (Figure 2a) reached 7.81MPa equilibrium
swelling stress and 2.27% strain at ~4hour after CO 2 injection, while that subjected to
26.13MPa initial effective stress (Figure 2b) attained a lower swelling stress (6.62MPa) and
strain (1.46%), and took longer (~8hour) to reach equilibrium. This trend, i.e. increasing
equilibration time and decreasing swelling stress and strain with increasing initial effective
stress, was observed in almost all montmorillonite samples (AD, VD and WW) at all
temperatures investigated. The equilibrium swelling stresses (σsw) obtained from all swelling
stress tests performed in quasi-constant volume mode with CO2 are plotted respectively as a
function of initial effective stress σein and equilibrium effective stress σeeq in Figure 3a&b. It
is clear from Figure 3 that all SWy-1 samples tested with CO2 in this mode show σsw in the
range of 5.5–11MPa, with σsw decreasing systematically with σein and σeeq.
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b) Illite control samples
The data obtained for AD illite samples at a nominal temperature of 44°C are shown in
Figure 2c,d. These yielded equilibrium swelling stresses of 4.15 MPa (swelling strain of
1.13%) at 12.5MPa initial effective stress (Figure 2c), and 3.46MPa (0.93% swelling strain)
at 18.4MPa initial effective stress (Figure 2d and Table 1).
(a)

(b)

(c)

(d)

Figure 2. Typical development of swelling stress (and strain) in samples exposed to CO2
using the quasi-constant-volume testing method. (a) AD SWy-1 montmorillonite Sample
T50ADCS4, under an initial effective stress σein=16.32MPa at 50°C. (b) AD SWy-1
montmorillonite Sample T50ADCS11, ~0.7mm thick, under an initial effective stress
σein=18.32MPa at 50°C. (c) Air dry illite clay sample T44IL1, σein=12.5MPa, T=44°C. (d)
Air dry illite clay sample T44IL2, σein=18.4MPa, T=44°C. All samples tested are ~0.7mm
thick.
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(a)

(b)

Figure 3. Equilibrium swelling stress data obtained in all experiments performed using the
quasi-constant volume method. (a)Measured equilibrium swelling stresses versus initial
effective stress, i.e. effective stress acting on the sample immediately after injection of 10MPa
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pore fluid but before any swelling effect developed. (b) Measured equilibrium swelling
stresses versus effective stress acting on the sample at apparent equilibrium state. Swelling
stresses measured in the control tests performed with Ar and He are also plotted for reference.
Data for AD SWy-1 samples at 40°C (black squares) is from our previous research (Zhang et
al., 2018).
Table 1. Swelling stress experiments performed in present study and key results obtained
Exp/series no.

H-S

σstart

σein

Burial
depth

Δσe

σeeq

σsw

xsw

Sample
Strain є

Å

MPa

MPa

km

MPa

MPa

MPa

mm

10-2

Quasi-constant volume tests with CO2
50°C-AD(CO2)

~11.0

T50ADCS1-T1

11.0

25.87

9.82

0.79

16.05

17.80

7.98

0.0178

2.74

T50ADCS2-T1

11.0

29.40

12.99

1.04

16.42

20.73

7.75

0.0162

2.58

T50ADCS3-T1

11.0

31.05

14.87

1.19

16.18

22.03

7.17

0.0140

2.15

T50ADCS4

11.0

32.86

16.32

1.31

16.54

24.13

7.81

0.0147

2.27

T50ADCS5-T1

11.0

34.50

18.46

1.48

16.04

25.63

7.16

0.0118

1.82

T50ADCS6

11.0

34.50

18.53

1.48

15.97

25.97

7.44

0.0141

2.16

T50ADCS7

11.0

36.13

20.15

1.61

15.99

26.87

6.72

0.0161

2.48

T50ADCS8-T1

11.0

37.78

21.62

1.73

16.16

28.50

6.88

0.0114

1.75

T50ADCS9-T1

11.0

38.83

22.88

1.83

15.95

30.36

7.48

0.0118

1.82

T50ADCS10

11.0

39.67

24.69

1.98

14.98

31.79

7.10

0.0136

2.10

T50ADCS11

11.0

42.43

26.13

2.09

16.31

32.75

6.62

0.0095

1.46

T=50°C_VD(CO2
)
~10.0
T50VD-CS1

10.0

27.30

11.13

0.89

16.17

17.93

6.81

0.0123

1.89

T50VD-CS2

10.0

27.77

11.60

0.93

16.17

17.72

6.12

0.0110

1.70

T50VD-CS3

10.0

33.98

17.96

1.44

16.03

23.84

5.89

0.0091

1.39

T50VD-CS4

10.0

34.67

18.46

1.48

16.22

25.11

6.66

0.0102

1.57

T50VD-CS5

10.0

41.66

25.52

2.04

16.14

30.40

4.88

0.0075

1.16
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T=50°C_WW
(CO2)

15.5

T=50WWCS1

15.5

27.77

10.07

0.81

17.70

19.99

9.26

0.0169

2.41

T=50WWCS2

15.5

29.58

11.98

0.96

17.61

19.11

8.92

0.0164

2.33

T=50WWCS3

15.5

33.46

17.42

1.39

16.04

25.53

8.10

0.0179

2.65

T=50WWCS4

15.5

36.66

20.76

1.66

15.89

27.06

6.57

0.0153

2.25

T=50WWCS5

15.5

38.98

22.79

1.82

16.26

30.35

7.56

0.0147

2.06

T=60°C_AD
(CO2)

10.25

T60ADCS1

10.25

27.69

11.30

0.90

16.38

20.66

9.36

0.0162

2.50

T60ADCS2

10.25

30.19

13.84

1.11

16.34

22.36

8.51

0.0148

2.28

T60ADCS3

10.25

31.14

14.75

1.18

16.38

22.27

7.52

0.0176

2.71

T60ADCS4

10.25

34.54

18.19

1.46

16.35

26.02

7.83

0.0146

2.25

T60ADCS5

10.25

37.91

21.55

1.72

16.36

28.99

7.44

0.0120

1.85

T60ADCS6

10.25

41.45

25.08

2.01

16.37

31.69

6.61

0.0093

1.43

T=60°C_WW
(CO2)

15.5

T60WWCS1

15.5

26.32

9.88

0.79

16.44

18.73

8.69

0.0146

2.19

T60WWCS2

15.5

30.08

13.59

1.09

16.49

21.75

8.01

0.0158

2.23

T60WWCS3

15.5

38.01

21.46

1.72

16.55

28.62

6.99

0.0100

1.54

T60WWCS4

15.5

40.98

24.49

1.96

16.49

31.29

6.65

0.0103

1.59

T=60°C_VD
(CO2)

9.8

T60VDCS1

9.8

28.36

12.09

0.97

16.28

18.67

6.59

0.0137

2.10

T60VDCS2

9.8

32.09

15.71

1.26

16.38

21.60

5.89

0.0107

1.65

T60VDCS3

9.8

35.34

19.24

1.54

16.10

25.00

5.76

0.0093

1.44

T60VDCS4

9.8

39.05

22.85

1.83

16.20

27.71

4.86

0.0073

1.13

T60VDCS5

9.8

42.20

25.78

2.06

16.41

30.48

4.69

0.0074

1.14
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T=80°C_AD
(CO2)

9.8

T80ADCS1

9.8

28.07

11.82

0.95

16.25

18.70

6.88

0.0139

2.14

T80ADCS2

9.8

31.54

15.24

1.22

16.30

21.25

6.01

0.0116

1.78

T80ADCS3

9.8

33.24

17.30

1.38

15.94

23.03

5.73

0.0094

1.45

T80ADCS4

9.8

35.43

19.27

1.54

16.16

24.68

5.41

0.0101

1.55

T80ADCS5

9.8

38.81

22.67

1.81

16.14

28.38

5.71

0.0098

1.51

T=80°C_WW
(CO2)

15.5

T80WWCS1

15.5

28.46

12.55

1.00

15.91

21.00

8.45

0.0129

1.99

T80WWCS2

15.5

32.02

15.87

1.27

16.16

23.56

7.69

0.0128

1.96

T80WWCS3

15.5

34.84

18.87

1.51

15.98

25.90

7.04

0.0117

1.80

T80WWCS4

15.5

35.29

19.17

1.53

16.12

26.30

7.13

0.0122

1.88

T80WWCS5

15.5

36.92

20.65

1.65

16.27

27.79

7.14

0.0107

1.65

T80WWCS6

15.5

39.21

23.02

1.84

16.19

29.96

6.94

0.0127

1.95

T80WWCS7

15.5

41.31

24.72

1.98

16.59

31.01

6.28

0.0101

1.55

T80WWCS8

15.5

41.45

24.86

1.99

16.59

31.01

6.15

0.0115

1.76

T80WWCS9

15.5

42.59

26.72

2.14

15.87

32.49

5.77

0.0097

1.49

Quasi-constant volume -Control tests
T=44°C_AD (Ar) 11.5
T44ADAS1

11.5

T44ADAS2

11.5

T44ADAS3

11.5

34.60

12.13

0.97

-12.13

14.70

2.58

0.0042

0.65

18.23

1.46

16.37

21.40

3.10

0.0051

0.79

25.90

2.07

-25.90

28.67

2.77

0.0044

0.68

T=50°C_VD (Ar) 10.0
T50VDAS1-T1

10.0

27.90

11.65

0.93

16.25

13.76

2.11

0.0039

0.61

T50VDAS1-T2

10.0

29.05

12.80

1.02

16.25

14.53

1.74

0.0032

0.49

T50VDAS1-T3

10.0

29.29

13.04

1.04

16.25

14.92

1.88

0.0038

0.58

T50VDAS2-T1

10.0

35.45

19.18

1.53

16.27

21.58

2.40

0.0048

0.73
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T50VDAS2-T2

10.0

36.48

20.23

1.62

16.25

22.38

2.15

0.0045

0.69

T50VDAS3

10.0

41.14

24.84

1.99

16.30

27.22

2.38

0.0040

0.62

T50VDAS4

10.0

43.30

27.11

2.17

16.19

29.29

2.18

0.0042

0.65

35.36

18.40

1.47

16.96

20.43

2.03

0.0039

0.60

T50ADAS1

11.0

Chapter 3

T=50°C_AD (Ar) 11.0

T=50°C_AD(He) 11.0
T50ADHS1-T1

11.0

28.45

12.36

0.99

16.08

15.53

3.17

0.0059

0.91

T50ADHS1-T2

11.0

28.72

12.65

1.01

16.08

14.97

2.33

0.0048

0.74

T50ADHS2

11.0

34.50

18.36

1.47

16.14

20.19

1.83

0.0032

0.49

T50ADHS3

11.0

41.73

25.53

2.04

16.20

27.54

2.02

0.0033

0.51

T=80°C_WW
(Ar)

15.5

T80WWAS1

15.5

27.43

10.99

0.88

16.44

17.74

6.76

0.0123

1.89

T80WWAS2

15.5

28.37

12.26

0.98

16.11

19.24

6.98

0.0131

2.02

T80WWAS3

15.5

34.77

18.85

1.51

15.91

24.71

5.85

0.0116

1.78

T80WWAS4

15.5

35.19

19.03

1.52

16.16

25.21

6.18

0.0112

1.72

T=80°C_WW
(H2O)

15.5

T80WWWC1

15.5

28.38

12.03

0.96

16.34

20.75

8.72

0.0112

1.72

T80WWWC2

15.5

28.98

12.72

1.02

16.26

20.88

8.16

0.0161

2.48

T80WWWC3

15.5

35.10

18.73

1.50

16.38

25.02

6.29

0.0103

1.58

T80WWWC4

15.5

35.36

19.13

1.53

16.23

26.53

7.40

0.0082

1.26

T80WWWC5

15.5

35.53

19.19

1.54

16.34

27.14

7.95

0.0143

2.20

T80WWWC6

15.5

42.09

25.71

2.06

16.38

31.49

5.77

0.0084

1.30

T=80°C_VD (Ar) 9.8
T80VDAS1-T1

9.8

27.77

11.47

0.92

16.30

13.68

2.21

0.0037

0.57

T80VDAS1-T2

9.8

27.77

11.58

0.93

16.19

13.08

1.49

0.0031

0.48

T80VDAS1-T3

9.8

27.60

12.90

1.03

14.70

14.33

1.43

0.0027

0.41
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T80VDAS2

9.8

41.31

25.01

2.00

16.30

26.36

1.35

0.0024

0.36

T80VDAS3

9.8

42.00

25.86

2.07

16.14

27.90

2.04

0.0041

0.63

T80VDAS4

9.8

42.56

26.31

2.10

16.25

27.52

1.21

0.0025

0.38

12.50

1.00

16.07

16.38

4.15

0.0074

1.13

18.40

1.47

16.20

21.73

3.46

0.0063

0.96

Illite_T=44°C_A
D (CO2)
T44IL1

~10

T44IL2

~10

28.57
34.60

T=50°C_AD
(CO2)

Zero-swelling method

T50ADCS1-T2

11.0

25.87

9.78

0.78

95.38

85.60

-0.0005

0.07

T50ADCS2-T2

11.0

29.40

12.99

1.04

87.99

75.00

0.0004

0.09

T50ADCS3-T2

11.0

31.05

14.87

1.19

90.87

76.00

0.0008

0.12

T50ADCS5-T2

11.0

34.50

18.46

1.48

88.73

70.27

-0.0006

0.09

T50ADCS9-T2

11.0

38.83

22.88

1.83

91.03

68.15

0.0004

0.06

0

negligible negligible

Constant stress method
T=80°C_WW
(H2O–CO2)
T80WWHC1

15.5

34.10

2.72 34.10

34.10

All experiments listed in this table were performed on SWy-1 montmorillonite samples (except
where illite is indicated) at a nominal pore fluid pressure of 10(±0.2) MPa. HS is the estimated
hydration state of sample at zero effective stress, quantified in terms of d001 spacing (see
Section 3.2.7 plus Appendix 1). Note that σstart indicates the normal stress imposed on the
sample before CO2 injection, which was pre-determined to obtain realistic effective
overburden stresses (σein) upon injection of CO2 at 10 MPa pressure, taking into account
machine distortion upon injection. σein is the initial effective normal stress, resulting from the
introduction of CO2 at a pressure of 10 MPa for each sample tested, as calculated from our
machine calibration data independently of any swelling stress development. Δσe is the
difference between σstart and σein, i.e. change in effective stress supported by the sample upon
CO2 pressurization. The equivalent (simulated) burial depth for each sample was calculated
assuming sedimentary rock with an average density of 2250 kg/m-3, and the presence of a
hydrostatic pore fluid pressure gradient. σsw, σeeq, xsw are respectively the (apparent)
equilibrium swelling stress developed, the effective normal stress supported by the sample at
(apparent) equilibrium, and the corresponding swelling deformation, which are calculated

98

Swelling stress development in smectites under subsurface CO2 storage conditions
from the average value of load and LVDT signals collected in the 0.5 to 2 hour before the
termination of each experiment.

3.3.1.3 Swelling stress data: quasi-constant volume tests performed with Ar and
He
Figure 4 shows representative results for an AD SWy-1 sample subjected to an initial
effective stress of 17.96MPa at 44°C. Swelling stress developed immediately after Ar pressure
was introduced, reaching a stable (equilibrium) value of ~3MPa within ~30minutes. This fast
equilibration was observed in all control tests performed on AD and VD SWy-1 samples. By
contrast, the time taken to reach equilibrium for tests employing CO 2 was much longer (over
4 hours). As summarized in Figure 3a and b and Table 1, all AD and VD SWy-1 samples
tested using Ar or He instead of CO2 developed swelling stresses of 1.4 to 3.0 MPa at
equilibrium effective stresses of 13.8 to 27.5MPa (from initial effective stresses 𝜎𝑒𝑖𝑛 of 10.8
to 27.3MPa). The swelling stresses exhibit no dependence on the effective stresses, and no
apparent difference between tests employing Ar and He, in view of the error in stress
measurement (0.45MPa). However, a weak decreasing trend with increasing temperature (44–
80 °C) can be seen for the swelling stress (see Figure 3).

Figure 4. Representative results of control experiments performed on Na-SWy-1 clays
samples. Swelling stress development plotted as a function time for AD Na-SWy-1 sample
using Ar as the pore fluid. Initial effective stress is σein=17.96MPa, T=44°C.
(b) Wet SWy-1 samples (WW)
Upon exposure to Ar at 10MPa at 80°C, the water-saturated (WW) SWy-1 samples
tested at quasi-constant volume exhibited 6–7MPa of swelling stress, developed at initial
effective stresses of 12–19MPa. The swelling stress values obtained were thus higher than for
dry SWy-1 samples (AD and VD) exposed to Ar and He, but similar in magnitude to those
developed in WW samples during CO2 exposure (see Table 1 and Figure 3). As for CO2
exposure, WW samples pressurized with Ar showed an inverse dependence on effective stress
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(a) Dry SWy-1 samples (AD plus VD)
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supported by the sample. This is seen in Figure 3, which illustrates the swelling stresses
obtained in all tests performed on WW samples at 80°C versus control tests on VD samples
at 80°C. Figure 3 also shows that as for WW samples pressurized using Ar, CO2 or He,
injecting liquid water at 10MPa into pre-water saturated samples also induces considerable
swelling stress at 80°C. The magnitude of swelling stress is similar for CO2 and H2O injected
at 10MPa. That for Ar is slightly lower (Figure 3). All values decrease with increasing initial
effective stresses (σeeq). Considering the errors in calibrations (±0.25MPa), the difference in
the magnitude of swelling stress developed with respect to the CO2, Ar and pressurized water
is negligible. Figure 3 shows that all WW samples employing Ar and pressurized H2O
developed higher swelling stresses than AD and VD samples in our control tests using Ar and
He (>6MPa vs. 1.5–3MPa).

3.3.1.4 Pressure cycling data: Quasi-constant volume test T50ADCS1
The results of the single pressure cycling experiment performed on an AD SWy-1
sample (no. T50ADCS1) in quasi-constant volume mode at 50°C are shown in Figure 5. Here,
the development of swelling stress and the history of pore fluid pressure are plotted as a
function of time for CO2 (Figure 5a) and for Ar (Figure 5b). Three pressure cycles were
applied using CO2, with the initial effective stress acting on the sample at the commencement
of each cycle being ~18.5 MPa. The swelling stress developed quickly in response to CO 2
exposure, as in other quasi-constant volume tests performed on AD samples (e.g. Figure
3a&b). Successive cycles of CO2 pressurization yielded equilibrium swelling stress of
~7.0MPa at full CO2 pressure, falling to ~-1.0MPa upon removal of CO2 pressure. The
subsequent Ar pressure cycle test, performed at an initial effective stress of 18.4MPa,
generated ~2MPa swelling stress at an argon pressure of 10MPa, falling to ~-0.2MPa after
depressurization (Figure 5b). In the second Ar pressure cycle, a swelling stress of ~1.7MPa
was generated. Note that for both CO2 and Ar cycling, the results produced in the first cycle
were well reproduced by the subsequent cycles.

(a)

(b)

Figure 5. Results of swelling stress tests performed on sample T50ADCS1using the quasiconstant-volume method and cycling the pore fluid pressure between 0 and 10MPa. The
experimental temperature is 50°C. The sample was subjected to an initial effective stress of
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~18.5 MPa upon injection of pore fluid at 10MPa for all test steps. (a) Data obtained in cycles
employing CO2. (b) Results obtained in cycles employing Ar.

Swelling stress data were obtained using the zero swelling strain method only for AD
SWy-1 samples tested with CO2 at 50°C (5 experiments - see Table 1). The method was
applied following testing of these samples in quasi-constant-volume mode. The resulting ‘zero
strain swelling stress’ data, i.e. the equilibrium swelling stresses data measured when swelling
deformation was mechanically cancelled by applying extra compressive stress, are listed in
Table 1 for each test performed. The data obtained are plotted in Figure 6 as a function of the
initial effective stress applied to each sample. The results show that AD smectite, subjected
to initial effective stresses in the range of 9.0–23.5MPa, can yield 68.2–85.6 MPa swelling
stress upon exposure to CO2 if the volumetric expansion related to CO2 uptake is fully
restricted.

Figure 6. Results of experiments performed using the zero swelling method on AD samples
exposed to CO2 at 10MPa at 50°C.

3.3.3 Results obtained at constant effective stress
The results obtained in our single experiment performed on SWy-1 montmorillonite
using the constant-effective-stress method are plotted in Figure 7. This test was performed on
a WW sample pre-equilibrated with liquid water at 10MPa pressure at 80°C. An effective
stress of 34MPa acted on the sample, throughout the test. Depressurizing the pore water
pressure (10MPa) and re-injection of CO2 at 10MPa, after brief evacuation to remove excess
water from the pore fluid system around the sample, did not cause any change in external
LVDT position hence sample volume, even for an exposure time >40 hours.
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Figure 7. Results of the single experiment performed on an WW sample (T80WWHC1) at
constant effective stress of 34MPa at 80°C. External LVDT displacement and pore fluid
pressure are plotted against time.

3.4 Discussion
The results of our experiments show that interaction of CO2 with smectites, under P-Thydration conditions relevant to caprocks buried at depth of 0.8 to 2.2km, results in swelling
stresses of 5–10MPa, when volumetric expansion is restricted to 1~3 percent. If swelling is
fully restricted (i.e. ‘zero’ strain), the swelling stresses measured reach 65~86MPa. We
discuss here the factors and mechanisms that influence the swelling behaviour of smectites
exposed to CO2 and we evaluate the effect of CO2 exposure on the sealing integrity of smectite
bearing caprocks.

3.4.1 Effect of CO2 on AD SWy-1 samples
The hydration states of the air-dry Na-SWy-1 samples prior to CO2 injection were
estimated to be in the range of 0W≤H<1W (10.0Å≤d 001≤11.5Å), decreasing with increasing
temperature from 44°C to 80°C (Table 1). Na-montmorillonite samples with these hydration
states are known to allow (reversible) CO2 intercalation into the clay interlayer, associated
with (reversible) d001 spacing expansion (Rother et al., 2013; Giesting et al., 2012a;
Krukowski et al., 2015; Loring et al., 2012). Our present quasi-constant-volume experiments
on AD SWy-1 samples performed at 50–80°C, plus the data obtained in our previous
experiments at 44°C (Zhang et al., 2018), show that exposure to supercritical CO2 at 10MPa,
under confined conditions (i.e. allowing only 1–3% expansion) produces swelling stresses
ranging from 5 to 11MPa, depending on temperature and applied effective stress (e.g. Figure
3). These values are much higher than the ~2MPa swelling stresses measured in control
experiments on AD (and VD) SWy-1 samples using inert Ar and He as the charging fluid
(Figure 3). Based on the fact that Argon and Helium do not interact with the clay material
investigated (Giesting et al., 2012a), and assuming that CO2 uptake by the samples does not
change the pore-elastic properties of the samples, then the mean swelling stress (2MPa)
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measured in the Ar and He control tests can be used as a calibration of the poro-elastic effect
caused by injecting CO2 into our samples at 10MPa. Subtracting that value of 2 MPa from the
5–11 MPa swelling stress measured during exposure to CO2, yields swelling stresses of 3–9
MPa at the 1–3% strains allowed, reflecting a self-stressing effect due to interaction of CO2
with the samples. In view of the reproducibility of swelling stresses measured at equilibrium
with CO2 in pressure-cycling experiment T50ADCS1, and the fact that the swelling stress
measured during CO2 pressurization reverts to its starting point after discharge of CO2 (Figure
5), we infer that the observed interaction of CO2 with the AD SWy-1 samples is a reversible
physical process. Given the previous evidence for reversible CO2 uptake by unconfined
smectite clays and associated interlayer swelling (Rother et al., 2013; Loring et al., 2012), we
infer that the observed swelling stress must be caused by the same, sorption-like CO2
intercalation effect. This mechanism must be responsible, of course, for the swelling stresses
of 65–86 MPa measured in the zero swelling strain experiments on AD samples at 50°C
(Figure 6). Removing the contribution of poro-elasticity by subtracting the mean value of Δσe
(16.2MPa, see Table 1) from the apparent swelling stresses measured in the ‘zero’ swelling
method, the purely CO2 adsorption-induced swelling stresses at ‘0’ swelling strain conditions
amount to 49.8–69.8MPa, showing a decreasing trend versus initial effective stresses (Figure
8). These values are more than 2 times higher than the 10–30MPa swelling stresses estimated
by Zhang et al. (2018) by extrapolating data obtained at 1–3% swelling strains, probably
because of a stress dependency of the elastic modulus not accounted for in the extrapolation.
To gain mechanistic insight into the effect of temperature on adsorption-induced
swelling stress development in AD samples, we replot the data shown in Figure 3 in terms of
swelling stress versus temperature at fixed intervals of initial effective stresses (Figure 9a),
alongside our estimate of hydration state (d001 spacing, see Table 1) versus temperature for
the AD samples (Figure 9b). Figure 9a shows a clear decrease in swelling stress with
increasing temperature, suggesting decreasing volumetric expansion associated with
decreasing CO2 uptake by the smectite samples. This can be explained by either of the
following candidate mechanisms:
(1) Decreasing smectite hydration state with increasing temperatures causes a decrease
in CO2 uptake by the samples. Our data on d001 spacing in samples equilibrated with lab air
humidity at 44–80°C show a decrease from 11.5 to 10.0 Å, which corresponds to a decrease
in hydration state from below a 1W to almost 0W. Previous XRD results have clearly shown
that CO2 is taken into the interlayer structure at these hydration states, causing crystallite
swelling which decreases with decreasing d001 spacing (e.g. Giesting et al., 2012a; Giesting et
al., 2012b; Ilton et al., 2012; Schaef et al., 2012; Loring et al., 2012), presumably due to
decreased CO2 uptake as a result of a decrease in water-related CO2 sorption sites.
(2) Decreasing CO2 uptake with increasing temperature, occurring independently of
changes in hydration state and reflecting the classical thermodynamic/kinetic effect of
temperature on sorption capacity of most materials for volatile species (e.g. CO2 or CH4

103

Chapter 3

Swelling stress development in smectites under subsurface CO2 storage conditions

Chapter 3
adsorption by coal, Busch and Gensterblum, 2011; Busch et al., 2004; Krooss et al., 2002) .
This hypothesis is supported by data reported by Hwang et al. (2019), who measured the CO2
sorption isotherms of vacuum-dried SWy-2 montmorillonite at temperatures of 25, 50,80, and
115°C. Their data showed a systematic decrease in excess sorption capacity of the 0W
hydrated sample with increasing temperature over pressures of 0–10MPa. An inverse effect
of temperature on excess sorption of CO2 by < 1W hydrated Na-STx montmorillonite was
also reported by Rother et al. (2013) at CO2 pressures < 8–10MPa and temperatures of 35
versus 50°C.
In evaluating these alternatives, we note that the excess CO2 sorption reported for
vacuum-dry (0W) and moderately dry (<1W) Na rich SWy-2 montmorillonite by different
researchers (Busch et al., 2008; Rother et al., 2013; Hwang et al., 2019; Schaef et al., 2015)
show significant discrepancies (e.g. 0.3 versus 0.6mmol/g) at a constant pressure of 10MPa
and near-constant temperature of ~50°C. We presume such discrepancies are largely
attributed to different hydration states (or water content) pertained by each sample during the
adsorption measurements or differences in purifying the clay samples, given that significant
amounts of quartz can be present. Based on these data, we infer that explanation (1) is the
main mechanism taking effect, as the H2O seems to provide the adsorption sites for CO2, with
mechanism (2) perhaps playing some additional role.

Figure 8. CO2 adsorption-induced swelling stresses at ‘0’ strain conditions plotted against
initial effective stresses for VD and AD samples, showing the present experimentally
measured data (black points) versus extrapolated data (coloured points, Zhang et al 2018).
All swelling stress data plotted have been corrected for poro-elastic effects.
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(a)

Figure 9. Swelling stress data and hydration state of the AD samples versus temperature.
(a) Swelling stress data for AD samples plotted against temperature at fixed intervals of
initial effective stress. (b) . Relative humidity of heated lab air as a function of temperature
and the estimated hydration state of AD Na-SWy-1 samples in equilibrium with lab air at the
corresponding temperature.

3.4.2 Effect of CO2 on AD illite-rich samples
Illite is a 2:1 phyllosilicate clay that has an T-O-T structure arranged in similar way as
in smectite. The key difference is that illite layers have a greater negative charge and the
charge deficiency is usually balanced by K+ cations with little hydration. The T-O-T layers
thus have a stronger bond with the interlayer cations, and the interlayer region is not
expandable by water or CO2 intercalation (Alvarez-Puebla et al., 2005). The illite-rich
samples were used as a control group to detect any swelling effects caused by nonintercalational interactions with CO2. The two quasi-constant-volume experiments performed
on AD illite employing CO2 exhibited apparent swelling stresses of 3.46 and 4.15MPa (strains
of 0.76% and 1.13%), with an average swelling stress of ~1.69MPa (strain 0.46%) remaining
after subtracting the contribution of poroelastic effects as characterized in the control tests on
dry SWy-1 samples (AD and VD). These data indicate net swelling of the illite-rich samples
exposed to CO2, which can only be attributed to adsorption of CO2 on the external surface of
the illite grains. This finding verifies speculation by previous researchers that non-smectitic
clays can swell due to CO2 adsorption at sites located on external crystallite surfaces (Zhang
et al., 2018; de Jong et al., 2014). Furthermore, given the similarity between smectite and illite
structures, our results on AD illite-rich samples suggest that the swelling stresses and strains
observed in our tests on AD SWy-1 montmorillonite might be partly contributed to by
adsorption of CO2 onto the external surfaces of the smectite crystallites.

3.4.3 Effect of CO2 on VD SWy-1 samples
Our VD SWy-1 montmorillonite samples are estimated to possess a hydration state close
to ~0W (Table 1). Previous studies using XRD and quartz micro balance methods have
demonstrated that CO2 hardly swells collapsed interlayer structure of montmorillonite with
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0W (d001≈ 9.97 Å) hydration state (Giesting et al., 2012a; Schaef et al., 2015; Loring et al.,
2014). Therefore, AD SWy-1 samples are not expected to produce swelling (stresses) due to
exposure to CO2.
However, our quasi-constant-volume experiments on VD montmorillonite samples
employing CO2 produced swelling stresses of 5–7MPa. Subtracting the poro-elastic
contribution (~2MPa), demonstrates a net swelling effect due to interaction with CO 2 of 3–5
MPa. These swelling stresses for VD samples are lower than for AD samples (5–7 MPa versus
6–11MPa), indicating a smaller swelling effect in the AD samples, presumably due to reduced
sorption of CO2. Since CO2 does not significantly swell 0W montmorillonite, we infer that
the swelling stresses (and strains) measured for VD samples in our experiments must be
associated with sorption of CO2 onto the crystallite surfaces, or that the hydration state of the
VD samples was slightly >0W thus allowing CO2 intercalation causing minor expansion of
the interlayer space. From our measurements on AD illite, which show a swelling stress
attributed to surface sorption of CO2 of ~1.69 MPa, we infer that non-poroelastic swelling
stress of 3–5 MPa, seen in our VD SWy-1 samples, is likely due to both interlayer and surface
uptake of CO2.

3.4.4 Effect of CO2 on WW SWy-1 samples
Our hydration state estimates (Table 1, Appendix 1) for WW samples show that the
dominant interlayer structure of the WW samples was ~3W at temperatures of 44–60°C, while
2W and 3W interlayers coexisted at 80°C, at zero effective stress condition. Previous research
has demonstrated that smectites start to dehydrate from 3W to 2W at effective stresses >3–
5MPa at 20–100 °C, decreasing below 2W at effective stresses > 60–70MPa (Hüpers and
Kopf, 2012; Fitts and Brown, 1999; Bird, 1984). Based on this, it can be deduced that the
initial effective stresses (10–27MPa) applied in the present experiments on WW SWy-1
samples should mean that the samples retained a hydration state of ~2W.
The quasi-constant-volume experiments on WW SWy-1 samples, performed using CO2,
produced swelling stresses of 6-9MPa, similar to those obtained using AD samples. By
contrast, however, the magnitude of the swelling stresses generated by WW samples was
insensitive to changes in temperature (Figure 3). Moreover, the control tests performed on
WW samples by injecting Ar, He or H2O pressure at 10MPa and 80°C, also produced swelling
stresses of 6–8 MPa, just like tests employing CO2 (Figure 3).
This all suggests that applying 10MPa CO2 pressure had no effect on our WW sample
beyond the effect of pressurizing with Ar, He or H2O. This finding is supported by the constant
stress test conducted on SWy-1 material pre-equilibrated with water pressure at 10MPa at
80°C (Table 1). This test showed no discernable volumetric change when CO2 was injected
at 10MPa after excess water evacuation. Moreover, previous experimental and molecular
dynamics modelling evidence has shown that CO2 uptake by montmorillonite is very limited
at hydration states ≥ 2W (Schaef et al., 2015; Loring et al., 2014), due to stronger bonding
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The above increase in water pressure must increase the chemical activity of the pore
water molecules to which the clay crystallites are exposed, causing some extra sorption of
H2O (cf. increasing dehydration temperature caused by pore water pressurization reported by
Huang et al., 1994 and Skipper et al., 2000). However, this increase is very small (~6%) and
therefore unlikely to be responsible for the swelling stresses produced by injecting gases or
water into our WW samples at 10 MPa. Consider now the influence of changing effective
stress. The WW samples were pre-equilibrated with excess liquid water at 0.1MPa. When
CO2, Ar or H2O were injected at 10MPa, the pressure of the pore water already present
increased to the same value, and the effective stress supported by the sample decreased by
~16MPa (see Table 1). As already mentioned, increasing effective stress induces dehydration
of smectites (Hüpers and Kopf, 2012; Fitts and Brown, 1999). Hence a decrease in effective
stress of 16MPa is expected to cause measurable water uptake and lattice expansion. This
effect is also predicted by thermodynamics. Specifically, a decrease in effective stress reduces
the energy barrier (σe×ΔV work term) that an H2O molecule must overcome to sorb into the
smectite interlayer space and increase the d-spacing against the effective stress supported,
resulting in increased H2O intercalation (c.f. Hol et al., 2012; Liu et al., 2016). On this basis,
the swelling stresses developed in WW samples are deemed to be caused by uptake of water,
driven by the decrease in effective stress accompanying pore fluid pressurization to 10MPa.

3. 4. 5 Comparison with sorption phenomena and mechanistic implications
All of our quasi-constant-volume experiments, performed on AD and VD
montmorillonite samples using CO2, and on WW samples using CO2, Ar and pressurized H2O,
showed swelling stress development in excess of the poro-elastic effect. All samples also
showed a decrease in swelling stress with increasing initial and final effective stress (σein and
σeeq), as well as a decrease in swelling stress with increasing temperature at fixed initial
effective stress (Figure 3). We have argued that these trends for dry (AD and VD) samples
and WW samples represents the effect of stress and temperature on the uptake of different
species, i.e. CO2 in the AD and VD samples and water into WW samples. We have also
presented evidence for the following: (1) Uptake of CO2 takes place on both external surfaces
and interlayers of the SWy-1 smectite clay. (2) CO2 interaction with smectite and the induced
volumetric change is a reversible process, hence a physical process of adsorption to external
surfaces and interlayer uptake, without permanent trapping of CO 2. (3) Swelling (stresses)
induced by injection of CO2 at pressure are dominated by CO2 uptake at hydration states in
the range 0W≤H<1 versus H2O sorption at H=2W. Interaction of H2O with smectite outweighs
that between CO2 and smectite. On this basis, it is clear that the uptake of CO 2 and H2O by
SWy-1 montmorillonite, and presumably other smectites, can be regarded as a mixed sorption
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and hence preferential uptake of H2O over CO2 (Criscenti and Cygan, 2013). We therefore
infer that the swelling effect measured for WW samples upon injection of CO 2, Ar, He and
H2O pressure, is induced by additional H2O uptake driven by the increment in water pressure
or the accompanying decrease in effective stress.
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process (Schaef et al., 2015; Liu et al., 2015) with sorption of both species being distributed
between surface and interlayer sorption sites.
Despite the different adsorbed species and the partitioning of CO 2 uptake between
interlayer and surface sites, the general behaviour and effects of effective stress and
temperature seen in our tests on AD, VD and WW samples qualitatively agree with the effects
of applied stress on gas/fluid sorption by coal reported recently by several authors (Liu et al.,
2015; Espinoza et al., 2014a; Hol et al., 2011, 2012; Hol and Spiers, 2012). They also agree
with the predictions of the general thermodynamic models for the effects of stress state on
sorption and sorption-induced swelling presented by these authors. In these models, increases
in normal (effective) stresses cause a stress-strain work increment in the free energy barrier
related to the sorption process, thus leading to a decrease in equilibrium concentration of
sorbing species at constant temperature. Comparison of models of this type with a) the
swelling stress and strain data developed in VD or AD Na-SWy-1 under various applied
effective stresses, after correcting for pore-elastic effect and b) unconfined sorption and
swelling strain measurements on Na-SWy-1 samples, should in principle enable
determination of the swelling strain produced per molecule of CO 2 taken up into the smectite
interlayer structure (cf. approach adopted by Hol et al., 2011 and Liu et al., 2016a for CO2
and CH4 adsorption by coal). It should also allow the density of CO2 sorption sites (i.e. the
maximum sorption capacity for CO2) to be determined, thus providing deeper insight into the
likely mechanism of CO2 uptake and of swelling (cf. Hol et al., 2011, 2012). Of course, the
effects of mixed CO2-H2O sorption and partitioning between interlayer and surface sites must
be taken into account here.

3.5 Implications of clay interaction with CO2 for CCS
The swelling stress experiments reported in the present study and by Zhang et al. (2018)
have demonstrated that swelling stresses ranging from almost zero to several tens MPa can
develop in confined smectite aggregates, in excess of poro-elastic effects, through interaction
with CO2 at pressure-temperature conditions relevant to geological storage systems at depth
of 0.8 to 2.2km. The magnitude of CO2 adsorption-induced swelling stress that can develop
depends strongly on the degree of confinement (allowed strain) but especially on the water
activity (RH) with which the clay is equilibrated before introduction of CO2. In our study, the
Na-montmorillonite samples with hydration states H <1W (AD and VD samples) developed
sorption-related swelling stresses of several to several tens of MPa, due to interaction with
CO2, whereas the ~2W hydration WW Na-montmorillonite (water-saturated samples) showed
negligible effect under otherwise similar conditions.
Based on these results, two geo-mechanical scenarios can be envisaged for the effect of
CO2-smectite interactions on (Na-)montmorillonite-rich caprock in the context of CO2 storage:
(1) When the rock matrix is saturated with low to moderate salinity brines or equilibrated with
water at the activity of liquid present in the pores at depth less up to 2–3km, then the hydration
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state of the clays is such that no swelling or swelling stress development would be triggered
by CO2 penetration. These hydration conditions are believed to be prevalent in caprock
systems overlying many potential storage reservoirs (Gaus, 2010), especially of saline aquifer
type. Though the exact in-situ H-state and d001 -spacing for these caprocks are unknown, we
expect a ≥2W hydration state and a basal spacing of around 15.5 Å. (2) For CO 2 storage in
depleted oil and gas reservoirs, the caprock may be partly or completely gas-filled and hence
under-saturated with water or containing water at sub-saturated activity. Here, the <1W or
<2W hydration states may be possible for the smectite component. Under such conditions,
contact of CO2 with the smectite component of the rock could potentially lead to swelling
stresses of several to several tens MPa, depending of course on the volume of caprock
penetrated by CO2, the mass fraction of the smectite clay and the rigidity of the surrounding
rocks. In addition, given the decrease in swelling stress observed with increasing temperature
and effective stress observed in our experiments, and expected from stress-strain-sorption
models (e.g. Liu et al., 2016), it can be inferred that the magnitude of swelling stress developed
would decrease with increasing burial depth. Given the complex effects of overburden stress,
temperature and other factors (e.g. water activity), a constitutive model of stress-strainsorption behaviour, is needed to better constrain the magnitude of swelling stresses that can
potentially develop in specific storage situations.
Development of swelling stress will add a compressive stress component to the in-situ
stress field. Referring to the sealing effect of CO2 adsorption-induced swelling on coal seams
(Hol et al., 2011 and 2012; Espinoza et al., 2014), we argue that the swelling and self-stressing
effect caused by CO2 penetration into water-undersaturated smectite-bearing caprock will a)
Compress pre-existing fractures, hence reducing the permeability of the affected rock matrix,
and increasing sealing capacity, and b) add a compressive normal stress component to fracture
and fault surfaces, hence increasing the stability of clay-rich fracture and fault zones and
enhancing sealing integrity.
Wentinck and Busch (2017) evaluated the effect of adsorption of CO2 by smectitebearing caprock on caprock permeability and in-situ stress state. Taking account of the
swelling effect associated with sorptive CO2 uptake by smectite components with an assumed
hydration state in the range 1W to 2W, they modelled convective-diffusive migration of CO2
after injection into a generic subsurface reservoir sealed by smectite-bearing caprock (30%
smectite). They found that swelling stresses of 30–60MPa can develop, causing a reduction
of permeability of the caprock for most initial in-situ stress states. However, shear failure was
induced in the caprock at locations that were critically pre-stressed. Our results broadly
support this analysis for the case of water-undersaturated clay caprocks overlying depleted
hydrocarbon reservoirs. However, in the context of CO 2 storage in saline aquifers, smectiterich caprocks should be saturated with water or at least equilibrated with water (vapor),
producing a hydration state ≥2W (see also Bird, 1984). In this situation, our results indicate
that CO2 penetration will not cause any volumetric or related mechanical effect.
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Note that CO2 was introduced into the present experiments through an inlet port in the
top piston, and was statically present with the sample in the compaction vessel throughout the
test. Smectite charged with dry CO 2 has been reported to shrink following depressurization
due to water loss (Giesting et al., 2012a; Giesting et al., 2012b), potentially causing fracture
nucleation and widening. In our tests, the effect of through-flow of dry CO2 was not
investigated and whether such effects would enhance or undermine sealing integrity has not
yet been confirmed by experimental studies.
Taken together, the above points emphasize the need for further investigations of the
effect of interactions between CO2, H2O and smectite, focusing on the permeability and
stability of the rock matrix. This applies to smectite-bearing caprocks and fault rocks. A
comprehensive understanding requires advances in experimental research and molecular
simulation, in addition to modelling upscaling relations and numerical simulation taking
account of coupling of the processes mentioned above. Experiments should be designed to
explore this coupling under in-situ P-T and moisture conditions, e.g. compression experiments
combined with permeability evolution measurement using CO2 with controlled H2O content.
Moreover, since it is known that swelling of smectite is influenced by the interlayer cation
properties and layer charge, the impact of these factors should be investigated using smectites
with varied compositions and brines with various salinity.

3.6 Conclusions
This paper has reported (oedometer type) uniaxial compression experiments performed
on smectite clay exposed to scCO2. The aim was to investigate the self-stressing effect
expected in constrained smectite aggregates, due to volumetric changes induced by swelling
interactions with CO2. The experiments were carried out at pressure, temperature and moisture
conditions corresponding to crustal burial depths of 0.8 to 2.2 km. Specifically, the
experiments were conducted on naturally derived (Na-SWy-1) montmorillonite equilibrated
with lab air, liquid water or under vacuum, at initial axial effective stresses of 10~32MPa, and
temperatures of 50 to 80℃. The apparatus used prevented radial swelling but allowed for
constrained axial swelling. The CO2 pressure used was10MPa. Control experiments were
performed with Ar /He instead of CO2. In addition, two tests were performed on lab-air-dry
illite-rich samples using CO2 as pore fluid, at a temperature of 44°C and initial effective
stresses of 16.4 and 21.7MPa. In this way, new systematic data have been obtained on
swelling-induced self-stressing behaviour of smectite rich clays under confined conditions,
due to interaction with CO2 at pressure, temperature and hydration conditions relevant for
CO2 storage geological formations. Our findings can be summarized as follows:
1. CO2-induced swelling stresses (total increase in Terzaghi effective stress) of the order
of 4.7–11MPa were measured for vacuum-dry samples (VD, estimated hydration state 0W)
and air-dry samples (AD, estimated hydration state <1W), accompanied by axial swelling
strains of 1%–3% due to apparatus deformation (quasi-constant volume testing mode). After
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2. The swelling stresses measured decreased with increasing temperature and with
increasing initial effective stress, i.e. increasing simulated burial depth. It is inferred that the
observed behaviour reflects incorporation of CO2 into the smectite interlayer, possibly
modified by interlayer water content change, independently of the subordinate poro-elastic
effect. The trends observed with regard to temperature and effective stress are qualitatively
consistent with thermodynamic models (e.g. by Liu et al., 2016) describing the coupled stressstrain-sorption behavior of solids that swell when a sorbate is taken up into their structure.
3. Total swelling stresses of 6–9MPa (accompanied by 1–3% strain) were measured in
water-saturated (WW, ~2W) smectite samples through exposure to CO 2 at temperatures of
50–80°C under initial effective stresses of 9–27MPa. The swelling stress generated decreased
with increasing effective stress, and was insensitive to changes in the temperature. Control
experiments performed by injecting H2O and Ar into the WW samples at 10 MPa produced
similar results as experiments employing CO2, suggesting that no extra swelling effect (hence
swelling stress) is induced by CO2 interaction with smectites pre-equilibrated with liquid
water. This is also evidenced by the fact that smectite subjected to a constant axial stress and
in equilibrium with H2O pressure at 10MPa shows zero volume change upon exposure to CO2
at 10MPa. Swelling stresses measured in WW samples upon injection of H 2O, Ar and CO2 at
10 MPa are inferred to be mainly caused by uptake of interlayer H 2O due to reduction of
effective stress, with minor adsorption of CO2 playing a role in CO2 tests.
4. We measured 3–4MPa swelling stress for AD illite samples exposed to CO2, with 1–
2 MPa remaining after subtracting the poro-elastic contribution, assuming this to be as
measured in the control tests performed on Na-SWy-1 samples employing He and Ar. These
results imply a swelling effect in the illite material due to uptake of CO 2 onto its external
surfaces. This further suggests that the swelling of smectites exposed to CO 2 includes
contributions associated with sorption of CO2 on external surface sorption sites as well as in
interlayer sites.
5. In the context of subsurface CO2 storage, our results along with those presented by
(Zhang et al., 2018) point to two scenarios for smectite-rich caprocks and fault zones: (1)
When the rock matrix is saturated with brines or equilibrated with water present in the pores
(smectites with H≥2W), negligible swelling or swelling stress beyond the poro-elastic effect
would be triggered by CO2 penetration, e.g. in caprocks overlying saline aquifers at few km
depth. (2) In the case of CO2 storage in depleted oil and gas reservoirs, the caprock can be
under-saturated with water, so that hydration states favorable for CO 2 uptake may prevail in
the smectite component (e.g. H<1W in Na-rich montmorillonite and <2W in Ca-rich
montmorillonite). Under such conditions, penetration of CO2 can potentially lead to swelling
stresses of several to several tens MPa, depending on the mass fraction of smectite in the
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subtracting the poro-elastic effect calibrated in control tests using inert gas, swelling stresses
of 2.7–9 MPa (strain 0.4–2.4%), caused by CO2-smectite interaction, remained. Swelling
stresses for AD samples measured at zero swelling strain and at 50°C were 65–86MPa.
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caprocks and on the rigidity of surroundings. Development of swelling stresses is likely to
enhance the integrity and sealing capacity of caprocks for most initial in-situ stress states,
whereas the potential for shear failure or fault activation should be considered at locations
that are critically pre-stressed.
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Supplementary materials
Appendix 1. Determination of hydration states of Na-SWy-1 samples

XRD diffraction experiments were performed on Na-SWy-1 montmorillonite films, to
measure the d001 basal spacing as a function of temperature and relative humidity, thereby
quantifying the hydration states of the Na-montmorillonite samples investigated in our
swelling stress experiments.

A1.1 Sample preparation
Raw Na-SWy-1 montmorillonite material was used as-received, but mixed with wellcharacterized Al2O3, which is a non-swelling solid and used as a reference to correct for any
misalignment occurring during X-ray scanning. The aggregate (denoted hereafter as Na-MM)
was subsequently mixed with deionized water, smeared onto a glass slide (=20mm) and
dried in lab air at room temperature, to obtain a thin film of oriented sample for XRD
measurement.

A1.2 Experimental set-up and procedure
Our tests were done using a dedicated sample vessel or cell, which accommodated the
sample slide and sealed the sample from the outside environment with an airtight cap. The
cap was equipped with an X-Ray transparent window made of 0.25 µm thick Mylar film and
28mm in diameter. The humidity in the vessel was maintained at <2%, 11%, 36%, 54% and
75% by buffering the sample chamber using P 2O5 and various saturated salt solutions plus
excess salt. The sample assembly was initially kept in an oven for >8hours at a temperature
(according to that used in the mechanical experiment), to allow the smectite to reach
equilibrium with the controlled humidity. Then it was quickly placed into the XRD chamber
and the sample was scanned using a XRD diffractometer (Bruker X8), over a 2θ range of 4–
36°, with CuKa radiation (0.15418 nm), at a scan rate of 0.05s/step with step sizes of 0.02°.
Sample temperature was measured continuously to verify that no large temperature
fluctuations occurred during the XRD scanning, which may affect hydration state. From the
diffraction profile, the d001 spacing can be estimated, as an indication of the hydration state of
the clay sample.

A1.3 Results of XRD experiments
The d001 spacing was determined using the 2θ value at which the first primary peak of
the XRD profile centered. In Figure A1, the d001 spacing values, as an indication for hydration
state for Na-SWy-1 montmorillonite, are plotted as a function of RH for various temperatures.
This shows that: (a) The hydration state of Na-SWy-1 montmorillonite is 0W (d-00110.01 Å)
at RH3% at T=30 to 80°C; (b) The basal spacing increase with RH, from 0W at 3%RH to
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~1W at 50%RH, then to 2W at 75% RH for temperature in the range of 30 to 80°C. During
the transitional stages of hydration (e.g. from 0 to 1W or 1W to 2W), the hydration state seems
affected by temperature; a higher hydration state (expressed as a larger d001 value) is reached
at lower temperature for the same RH. At integer hydration stages (e.g. 1W with d -00112.4
Å, 2W with d-00115.5 Å), the effect of temperature is negligible. Note that, at RH=100%,
where the sample is equilibrated with respect to liquid water, the effect of temperature is
considerable. Only one d001 reflection peak was observed at 30 and 40°C, centering at ~18.5
Å and equivalent to a 3W hydration state. By contrast, two 001-reflection peaks were observed
at 50–80°C, with one primary peak centered at 2W and a minor peak at 3W, which suggests
coexistence of interlayers with hydration states of 2W and 3W. Note that, at conditions where
two peaks corresponding to the 001 reflection are observed (one primary and one minor), only
the basal spacing derived from the primary peak is taken as the d001 value and plotted in Figure
A1.

Figure A1. The d-001 spacing of the Na-SWy-1 sample measured in the XRD tests. The data
consist of the primary peak positon obtained from the XRD profile, plotted as a function of
relative humidity, i.e. d_001 vs. RH. The colored bars define d(001) ranges for integer
hydration states of 0W,1W and 2W (c.f. Ferrage et al., 2007).

A2. Relative humidity of lab air within the heated compaction vessel
The relative humidity of the lab air within the compaction vessel used for our
mechanical experiments, was measured after heating in a stepwise manner to the temperatures
employed in our compression tests. These measurements were carried out three times (i.e.
Test 1,2 and 3) independently. The three tests were conducted at representative initial RH
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values for the lab air at room temperature, respectively 45% at T=22.1°C, 55% at T=23.2°C
and 60% at T=21.5°C. The RH data measured at each temperature step during each individual
test are presented in Table A1.
Table A1. The relative humidity of the lab air measured within the compaction vessel used in
our mechanical experiments after heating
Test 2

Test 3

RH (%)

T (°C)

RH (%)

T (°C)

RH (%)

22.1

45

23.2

55

21.5

60

44

16.5

44

17

44

19.13

51.2

12.12

50

13.2

50

16.22

59.68

7.49

60

11

60

12.81

80

7.6

60

7.4

80

6.15
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Test 1
T (°C)

A3. Initial hydration states of the samples in the mechanical tests
As reported by previous researchers (e.g. Schaef et al., 2012; Giesting et al., 2012a;
Giesting et al., 2012b), the d001 spacing change of smectite clays, in response to exposure to
CO2, is highly dependent on the initial hydration state of the smectite material prior to CO 2
introduction. To understand better the swelling and self-stressing behavior of the smectites
sample investigated in the present study, it was crucial to obtain an estimate of the initial
hydration state attained by each type of samples tested in our compression experiments (i.e.
AD, VD and WW) immediately prior to introduction of CO2. The initial hydration state before
exposure to CO2 is also an important consideration in comparing our experimental results (e.g.
swelling strain) with previous work. We performed XRD measurement on the Na-MM
material pre-equilibrated to variable relative humidity values at temperatures stepped from
30–80C.
The d001 values of the Na-MM in equilibrium with lab air humidity after being heated to
experimental temperature, i.e. the initial hydration states of the AD samples at the respective
temperatures, were obtained by linear interpolation to the d001 values obtained from our
control measurements using XRD, as discussed in Section 1. Since the lab air humidity at
room temperature (21-24°C) varied in the range of 40% to 60%, the RH of heated lab air
accordingly varies with time. However, it falls in a narrow range after being heated to the
various experimental temperatures (see Table S1). Since d001 spacing and RH are intimately
correlated (See Figure A1), it is therefore possible to predict the range of basal spacings of
the AD samples tested in our mechanical experiments, as shown in Figure 9b (main text).
From Figure 9b, the basal spacing values of all AD samples are seen to fall in the range of
11.3 to 11.5 Å at 45°C, and to decrease continuously with increasing temperature, to 10.7–
11.3Å at 50 °C, 10.1–10.3 Å at 60°C, and 10.0–10.03 Å at 80°C. Basically, the hydration
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states of AD samples varied between the 0W and 1W hydration states. The VD samples, which
were pre-equilibrated in vacuum at test temperature, are estimated to have a 0W initial
hydration state (d001 value ≤10 Å), given that the d001 values of Na-MM equilibrated to RH
buffered by P2O5 (RH<3%) were measured to be less than 10.1 Å in XRD analysis. In the
case of the WW samples, the hydration states of water vapor equilibrated Na-MM show
temperature-dependent d001 values (corresponding to 2–3W hydration states) at zero effective
stress condition, as characterized in XRD measurements. However, (a) effective stress in
excess of 5MPa is reported to cause dehydration of smectite clay from 3W towards 2W, and
(b) our XRD test on a water saturated Na-MM disk that has been subjected to an axial effective
stress of 40MPa measured a d001 value of ~15.7Å, suggesting effective stress up to 40MPa is
not high enough to dehydrate the smectite to a level below 2W (see Figure A2). Therefore,
we infer the water saturated Na-MM samples in our mechanical tests pertained a hydration
state of ~2W under the conditions employed, i.e. temperatures of 44–80°C and effective
stresses of 10–34 MPa.

Figure A2. XRD profiles of a water-saturated Na-MM disk after being pre-compressed under
various effective stresses at room temperature (~27°C)
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Abstract
CO2 uptake by smectites can cause swelling and self-stressing in shallow clay-rich
caprocks under CO2 storage P-T and constrained conditions. However, little data exist to
constrain the magnitude of the effects of CO2-H2O-smectite interactions on the sealing
properties of clay-rich caprocks and faults. We performed permeability experiments on intact
and fractured Opalinus Claystone (OPA) cores (~5% smectite), as well as on a simulated
gouge-filled faults consisting of Na-SWy-1 montmorillonite, under radially constrained
conditions simulating “open” transport pathways (dry and variably wet He or CO2; 10 MPa
fluid pressure; 40°C). Overall, the flow of dry CO2 through intact OPA samples and simulated
smectite fault gouge caused a decrease in permeability by a factor of 4–9 or even by > 1 order,
compared to dry He permeability. Furthermore, the intact OPA cores exhibited a permeability
anisotropy ratio of >3 orders of magnitude when tested using dry He, with the highest
permeability measured parallel to bedding. This anisotropy decreased to <3 orders of
magnitude under dry CO2 conditions, presumably associated with anisotropic swelling
occurring preferentially in and normal to clay-rich layers upon exposure to CO2. Subsequent
to flow of dry and partially wet fluid, both fractured OPA and simulated gouge showed a
permeability reduction of up to 3 orders of magnitude once flow-through with wet CO2 was
performed. This permeability change appeared reversible upon re-establishing dry CO2 flow,
suggesting fracture permeability was dominated by water uptake or loss from the smectite
clay, with CO2-water-smectite interactions play a minor effect. This has important
consequences for assessing the self-sealing potential of fractured and faulted clay-rich
caprocks. Whether an increases or decreases is expected with continuous flow of CO2-rich
fluid depends on the water activity in the clay material versus the water activity in the CO2
bearing fluid. In the vicinity of a CO2 injection well, anhydrous CO2 may lead to shrinkage,
potentially leading to the opening of pre-existing leakage pathways and hence increasing the
leakage hazard. By contrast, the use of anhydrous CO2 as a hydraulic fluid may help in
swelling-related problems in hydraulic fracturing operations in clay-rich oil/gas formations.
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Safe, long term storage of CO2 in geological formations largely relies on the sealing
quality of impermeable strata (caprock) overlying the storage reservoir. (Kaldi, 2011; Gaus,
2010). This applies not only to CO2 storage in depleted hydrocarbon reservoirs and saline
aquifers (Song and Zhang, 2013; Miocic et al., 2016; Kaldi et al., 2013; Benson and Cole,
2008), but also to storage strategies linked to CO2-enhanced oil and gas recovery from tight
reservoir systems (White et al., 2003; Melzer, 2012; Middleton et al., 2015). To evaluate
leakage risk via fractures and faults present in clay-rich caprocks, much research has been
done on interactions between CO2, water (brine) and caprock-forming minerals. (c.f. review
by Song and Zhang, 2013; Kaldi, 2011; Aminu et al., 2017). Interactions between CO2, water
and the smectite clay components of shallow clay-rich caprocks have received particular
attention, due to the ability of smectites to take up (sorb) sorb both water and CO2 into their
interlayer structure, and onto the surfaces of the clay platelets, causing swelling (e.g. Ferrage
et al., 2005; Giesting et al., 2012a; Loring et al., 2014).
It has long been known that incorporation of water molecules into the smectite interlayer
structure produces expansion of the interlayer d001 spacing, as characterized by XRD. Relative
to the water free (0W) state, incorporation of 1, 2 and 3 water layers, referred to as the 1W,
2W and 3W hydration states, causes 25%, 55% and ~90% expansion respectively (Bishop et
al., 1994; Berend et al., 1995; Laird, 1999; Ferrage et al., 2005; Ferrage et al., 2007c; Cases
et al., 1992; Cases et al., 1997; Barshad, 1955). More recently, it has also been shown, using
a variety of XRD and spectroscopic techniques, that dry (supercritical) CO2 molecules can
penetrate and adsorb within the interlayer structure of smectites containing incompletely filled
1W or 2W hydration layers (i.e. with <1 or between 1 and 2 water layers filled), causing
interlayer expansion by up to ~15% (Giesting et al., 2012a; Giesting et al., 2012b; Ilton et al.,
2012; Loring et al., 2012; Rother et al., 2013; Schaef et al., 2012; Schaef et al., 2015; Loring
et al., 2014; Romanov, 2013). By contrast, exposure of smectite clays with initial hydration
states >2W to dry (supercritical) CO2 causes H2O loss from the interlayer and shrinkage in
the [001] direction by up to ~10% (c.f. Giesting et al., 2012a; Schaef et al., 2012). Exposure
to variably wet CO2 accordingly causes either interlayer swelling or shrinkage, depending on
the partitioning of water and CO2 molecules within the interlayer structure, which in turn must
depend on their activities in the fluid phase and on the initial hydration state of the clay (Schaef
et al., 2015; Loring et al., 2014).
Besides these XRD and spectroscopic studies, pre-pressed montmorillonite cubes (NaSWy-1, hydration state <1W) have been reported to exhibit volumetric swelling strains of 1–
3% upon exposure to CO2 at pressures up to 15MPa at 45°C (de Jong et al., 2014). Significant
sorptive uptake of CO2 by crushed, clay-bearing shales and SWy-1 and SAz-1
montmorillonites has also been documented under repository pressure and temperature
conditions, falling in the range of 0.3–0.6mmol/g and being accompanied by volumetric
swelling strains of ~0.5% (Heller and Zoback, 2014; Busch et al., 2008). It follows that CO2
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sorption is expected to cause swelling stress development under in-situ CO2 storage conditions
where free expansion is not possible. This was recently verified by Zhang et al. (2018 a&b),
who measured 5–12 MPa axial swelling stress when pre-pressed montmorillonite discs were
exposed to CO2 at reservoir pressure and temperature conditions but with axial swelling strain
restricted to ~1–3%. When swelling was totally restricted, the swelling stress increased to
several tens of MPa.
Despite this progress, the influence of coupled strain-stress-sorption effects on the
transport properties of smectite-bearing clay-rich caprocks and fault gouges have been barely
investigated, beyond recognizing that swelling will likely enhance sealing integrity while
shrinkage will reduce it (e.g. Giesting et al., 2012; Zhang et al., 2018). Studies that have been
performed on the effects of CO2 on (clay-rich) caprock integrity have focused on carbonate
dissolution/precipitation reactions and their effects on reactive permeability evolution
(Wolterbeek et al., 2013; Kampman et al., 2014; Wollenweber et al., 2010; Armitage et al.,
2013), with few studies addressing the effects of CO2-induced swelling/shrinkage of smectite
clays on transport properties. Moreover, most flow through experiments were conducted
under controlled (effective) confining stress conditions (e.g. Gaus et al., 2005; Wollenweber
et al., 2010), which are poorly representative for the near-zero lateral strain conditions
encountered in the subsurface.
The present study addresses the effects of CO2-H2O interaction with smectite-bearing
rock materials on permeability, under zero strain boundary conditions. The intension is to
provide constraints for evaluating the sealing integrity of faulted and fractured clay-rich
caprocks overlying CO2 storage reservoirs, focusing on the behaviour of initially open
transport paths in samples subjected to near-zero initial normal stress and constrained to zero
lateral strain. We conducted multiple-run permeability measurements on cylindrical Opalinus
Claystone (OPA) samples and on a simulated smectite fault gouge layer, constrained in a
stainless vessel. The tests were performed using dry and wet CO2, and dry and wet He, and
showed stress-strain-sorption related changes in permeability of up to 3 orders of magnitude.

4.2 Experimental methods
We performed axial permeability measurements at 40°C on two, radially constrained,
cylindrical Opalinus Claystone samples (35mm diameter×70mm length), one cored
perpendicular and one cored parallel to the bedding plane. A third experiment was conducted
on a simulated gouge layer made of Na-rich montmorillonite. Each sample was first subjected
to multiple flow-through runs conducted using dry CO2, and dry inert He as the flowing fluid.
These were aimed at revealing the effects of dry CO2 on permeability, independently of
poroelastic effects. The OPA sample cored parallel to bedding was subsequently fractured and
subjected to similar measurements as well as extra experimental runs using wet He, wet CO 2,
pure liquid water, CO2-saturated water, water-saturated CO2, water-saturated He, dry CO2 and
dry He. After initial testing with dry CO2 and dry He, the simulated gouge sample was
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subjected to alternative runs suing dry (pure) versus wet CO 2. These experiments were done
to explore the effects of water activity on the permeability change associated with CO2smectite interaction.

The Opalinus samples used here were derived from a block of the shaly facies of the
Jurassic Opalinus Claystone (Bossart and Thury, 2008; Thury, 2002). The block was extracted
and provided by the Mont Terri Underground Rock Laboratory (Switzerland). The reference
mineralogical composition of OPA material is illite 18%, kaolinite17%, mixed layer
illite/smectite 10–14 %, chlorite 5%, quartz 20%, calcite 16%, with trace amount of dolomite,
feldspar and pyrite (Thury, 2002; Pearson et al., 2003; Vinsot et al., 2017). The smectite
starting material, used to make a simulated fault gouge layer, was sampled from a single batch
of Na-rich Wyoming montmorillonite powder (Na-SWy-1), obtained from the Source Clays
Repository of the Clay Minerals Society. The material was used in the as-received condition.
Quantitative XRD analysis conducted at RWTH Aachen University showed that the batch
was composed of 73% (Na-rich) smectite, 10% quartz, 6% muscovite/illite, 9% feldspar plus
traces of carbonate and gypsum. Detailed characterization of the Na-SWy-1 clay can be found
in Van Olphen and Fripiat (1979) and De Jong et al. (2014). The CO2 and He used as (flowing)
pore fluids were supplied at >99.99% purity level by Air Products NL. Aqueous pore fluids
were prepared using deionized water.

4. 2.2 Experimental methods and procedures
4.2.2.1 Sample preparation
The two OPA claystone samples tested (Samples A and B) were cored from the
claystone block, as received from the Mont Terri laboratory, using a diamond coring bit
cooled with compressed air. Sample A was cored perpendicular to the bedding while Sample
B was cored parallel to the bedding. The ends of the samples were ground flat and
perpendicular to the cylindrical axis. The simulated Na-SWy-1 gouge sample was prepared
by compacting ~14g of Na-SWy-1 montmorillonite powder between two half-cylindrical
stainless steel blocks (Figure 1). To do so, the montmorillonite powder was first dried in lab
air at 40 °C >48hours, and then evenly distributed on the flat face of the lower half cylinder,
supported in a dedicated steel base. The upper half cylindrical block was subsequently located
to sandwich the clay layer as shown in Figure 1. The sandwiched clay layer and enclosing
half cylindrical blocks thus formed a fully cylindrical assembly that was clamped together
using two bolts penetrating the steel blocks. The sample assembly was then loaded normal to
the simulated fault plane, using a specially designed holding piston (Figure 1) at 60MPa and
at lab temperature and humidity, for a total of 12 hours. The compaction process was
temporarily stopped every ~3 hours, removing the load, tightening the bolts and then applying
the load again, which finally yielded a cylindrical sample assembly with an axially aligned,
normally loaded smectite layer around a 0.8mm thick.
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4.2.2.2 Sample confinement for axial permeametry at zero radial strain
Each sample was constrained to near zero radial displacement at the outer cylindrical
boundary by gluing it into a closely fitting, individually made, stainless steel pressure vessel
(inner diameter=35.2mm, length=70mm, outer diameter=45mm). To achieve this, each
sample was pushed into its pressure vessel (see Figure 2) with the gap between the sample
and inner vessel wall being filled by a thin layer of Argomet epoxy resin (strength>100MPa).
The sample plus vessel was left undisturbed in heated lab air at ~40°C for approximately one
week, to allow curing. This procedure also allowed the sample to equilibrate with the lab air
relative humidity (RH≈20% at 40°C), the smectite present in the sample thus was estimated
to achieve a hydration state of H<1W for Na-rich type and 1W<H<2W for Ca-rich type,
following Ferrage et al. (2007b) and Morodome and Kawamura (2009).Threaded stainless
steel closure caps, with external flow connections and internal flow distributors (porous
stainless steel plates), were subsequently screwed onto the ends of each sample vessel, sealing
against the vessel by means of two Viton O-rings located in circular grooves at the vessel ends
(Figure 2b-e). The sample/vessel assembly was then ready for connection to the permeameter
system.

4.2.2.3 Permeametry set-up and conditions
Flow-through experiments were performed in a purpose-built permeameter system
(Figure 2f) capable of running at temperature of 20–60°C (± 0.2 °C) and fluid pressures up to
20 MPa, thus approaching shallow reservoir conditions. The setup consists of two Teledyne
ISCO syringe pumps (model 65D, capacity=67mL, 0.7-1390bar) connected to the up- and
downstream ends of the glued sample/vessel assembly (Figure 2c-e). The pumps, controlled
using LabView-based software, are capable of running in constant pressure, constant volume
or constant flow rate mode. The high pressure tubing and value system is arranged such that
the pumps and sample can be independently evacuated and/or charged with deionized water,
He (gas bottle) or CO2 (gas bottle) (Figure 2f). During individual experiments, the glued
sample/vessel assembly is immersed in a water bath, with the water temperature being
measured using a Pt-100 resistance element and controlled by an integrated immersion heater
and circulator pump. The same pump circulates hot water at controlled experimental
temperature through heating jackets installed on the syringe pump cylinders. The entire
system is enclosed in a polystyrene box to further stabilize the air temperature around the setup. Temperature inside the box is measured using a Pt100-element and kept constant at 40 ͦ C
by means of a 500 W light bulb connected to a digital CAL9000 PID-controller. The air
temperature inside the box is homogenized by circulating the air using two powerful fans
operating at constant speed. In the present flow-through experiments, a PC equipped with
LabView-based software was used to log all temperature, pump volume, flow-rate and
pressure signals, at intervals of 5 s.
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Table 1. Basic data on samples investigated in the present permeability experiments
Sample
material

Sample
orientation

Mass

Length

Cross
section

Density

Porosity

g

mm

mm2

g/cm3

%

2.31

13.4±1.2 a

A

OPA

Perpendicular

152.16

68.5

961.6

B

OPA

Parallel

157.48

69.1

961.6

C

Na-SWy-1

Parallel

4.60

69.58

25b

2.37
2.36

16.6±1.1 a
22 b

Orientation defines the bedding/ fabric orientation relative to the longitudinal sample axis,
i.e. the direction of imposed fluid flow. Cross section refers to sample cross section
measured normal to fluid flow. Mass and density values were measured before each sample
was glued in to the pressure vessel.
a
Porosity values for OPA Samples A and B were obtained from the excess He volume
pumped into the pore fluid system plus sample, relative to the volume of the system with a
stainless steel dummy sample present. The error given are associated with uncertainly in the
measurement of tube volumes. bThe porosity of the simulated gouge was estimated from the
mass, dimensions and hence density of the pre-pressed sample versus the referential dry
density of the SWy-1 montmorillonite (~2.3g/cm3 at hydration state ≤1W, from the database
of the Clay Minerals Society).

Figure 1. Set-up used for preparation of the simulated smectite gouge assembly.
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Figure 2. Semi-schematic diagram illustrating sample assembly and experimental set up. (a)
Cylindrical sample being inserted and glued into the stainless steel vessel. (b) Components of
each sample assembly. (c) Sample/vessel assembly for OPA Claystone Sample B cored
parallel to bedding (d) Sample/vessel assembly for OPA Claystone Sample A cored
perpendicular to bedding. (e) Sample assembly containing simulated smectite gouge,
constrained between two half-cylindrical steel blocks. All samples are laterally constrained
by the enclosing vessel to simulate conditions of zero lateral strain. (f) Schematic
representation of the permeameter set-up.

4.2.2.4 Permeametry procedure
The flow-through experiments and permeametry were performed using the steady state
method. After installing the sample/vessel assembly in the water bath, the system was heated
to the experimental temperature of 40 °C. The two ISCO syringe pumps were then primed
with the desired pore gas/fluid (initially He, Series 1), independently of the rest of the system.
The sample assembly was subsequently degassed for ~2–4 hours by applying a vacuum.
Following Morodome and Kawamura (2009) and since the water loss kinetics from smectites
is slow, the hydration state of smectite after degassing is assumed to be unchanged compared
with that attained after equilibration with lab air humidity at 40°C (i.e. H<1W for Na- and
1W<H<2W for Ca-rich smectite). We refer to this hydration state henceforth as the “initial
hydration state”. Following this degassing procedure, the sample-pump system was
uniformly pressurized with the pore fluid phase (initially He, Series 1) to 10 MPa, with the
upstream (US) pump almost fully filled and the downstream (DS) pump near-empty. After
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equilibration for a duration of few minutes to several tens hours (see Table 1), the through
1

1

2

2

decrement to the DS pump pressure. Both pumps were subsequently run in constant pressure
mode, so that a mean flowing fluid pressure of 10MPa and a constant differential pressure of
ΔP were maintained across the sample. The magnitude of the resulting flow of fluid from the
US to the DS pump, recorded by the volume change of both pumps, provided a measure of
sample permeability at steady state (constant, equal but opposite flow rates at each pump).
The same procedure was followed for all fluids used, but the degassing procedure using
vacuum lasted only a few minutes except for Series 1 measurements. Fluid flow and
permeability measurement were continuous, except when suspended intermittently in the
following situations, which produced transient effects: a) When the pumps needed restroking
or recharging due to slow leakage (fluid pressure in sample maintained at 10MPa); b) When
changing fluids, e.g. from He to CO2 or from CO2 to water, in one or both pumps. When using
dry He and/or CO2, restroking was achieved by reversing the differential pressure and flow
direction, except where stated otherwise. Changing from one fluid to the next was done by
with briefly evacuating the pore fluid system plus sample and then injecting the new pore
fluid from the upstream pump-tubing system. We refer to any unbroken flow-through
measurement, with one fluid in one direction, as one “run”. The permeability evolution within
each run was determined assuming flow involved a series of steady states. Testing “series”
employing the same flowing fluid consisted of one or more sequential runs separated by pump
restroking or pump recharging, aimed at obtaining a constant (apparent) permeability, (i.e. no
discernible change with further through-flow), indicating equilibrium between sample and
fluid.
In the present study, all three sample assemblies were first tested using dry (pure) He
and then dry (pure) CO2 as the flowing fluid. These run sequences using He and CO2 are
denoted as Series 1 and Series 2 measurements respectively (See Table 1). In the case of
Sample A (OPA sample cored perpendicular to bedding), Series 1 consisted only one flowthrough run, performed using dry He at a differential pressure ΔP of 0.2MPa applied 20
minutes after the initial introduction of He at 10MPa. In the Series 2 experiments on Sample
A, 2 runs were performed using dry CO2, starting at a total elapsed time of 24.5 and 290.52
hours after CO2 introduction.
In the case of Sample B (OPA sample cored parallel to bedding), 5 dry He runs (Series
1) and then 6 dry CO2 runs (Series 2) were performed on the intact sample in similar way to
Sample A (Table 1). The procedure was then repeated in a second cycle again using dry He
first (Series 3, 5 runs) and then dry CO2 (Series 4, 6 runs). In a deliberate attempt to fracture
the sample inside its vessel, the sample assembly was then disconnected from the
permeameter system and Sample B subjected to several cycles of dehydration and rehydration
at ~45 °C, achieved by exposing it to heated lab air (RH≈16% at 45°C) and air buffered using
saturated NaCl solution (RH≈75% at 45°C). This cycling ultimately produced two bedding-
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parallel fractures in the sample following equilibration with ~75% relative humidity. The thus
fractured sample was then tested sequentially using water-saturated He (Series 5), watersaturated CO2 (Series 6), liquid water (Series 7), CO2-saturated water (Series 8), watersaturated CO2 (Series 9), water-saturated He (Series 10) and dry CO2 (Series 11a). Each of
these series included one to several tens of sequential runs, aimed at obtaining a stable
apparent permeability assumed to represent equilibrium between with the sample and pore
fluid. During the break between sequential runs, the sample was exposed to the pore fluid
pressure at 10MPa (ΔP=0) for a duration of several minutes to several tens of hours. See Table
A1 for detailed experimental conditions. After reaching a stable apparent permeability using
dry CO2 in Series 11 runs, the fractured Sample B was then tested using dry CO2 at varied
mean fluid pressure (4, 5.5 and 8 MPa, Series 11), followed by dry He runs at 8, 10 and
13.8MPa (Series 12).
As for the simulated smectite gouge sample (Sample C), after testing using dry He
(Series 1) and dry CO2 (Series 2), several tests were sequentially conducted in a multi-fluid
series (Series 3) employing dry CO2, water-saturated CO2, water-undersaturated CO2 and
again dry CO2. These runs were attempted to discriminate between effects of dry and wet
CO2.
Water-saturated CO2 employed in the first run of the multi-fluid Series 3 experiments
performed on Sample C, was created by adding ~5mL deionized water to the US pump, then
pressurizing the US pump with CO2 via a diaphragm pump, until the CO2 pressure reached
10MPa. The US pump was subsequently isolated from the gas supply system and maintained
at the desired US pressure in pressure control mode. When the fluid volume in the US pump
became stable (i.e. when the CO2-water system reached equilibrium), flow through was
initiated by opening the connections between sample assembly and both pumps. Except for
the first run, all water-saturated CO2 and CO2-saturated water and water saturated He fluids
used in the present study were prepared in a reaction vessel (see detail in Wolterbeek et al.,
2016) allowing for sufficient mixing of CO2 and water or He and water at 10MPa and 40°C.
Undersaturated water-bearing CO2 was obtained by mixing water-saturated CO2 with dry CO2
in a controlled volumetric ratio (e.g. mixing water-saturated CO2 and dry CO2 at a 4:1
volumetric ratio produced CO2 with 80% water saturation).

4.2.2.5 Calibrations
System leakage calibration
Before initiating permeability experiments with any given fluid (e.g. CO2, He, water),
the leakage rate of each pump (Pumps Ⅰ and Ⅱ) with respect to that fluid was measured. This
was done by isolating each pump and associated pipework from the sample and running the
pumps in constant pressure mode at 10MPa and 40°C for 20–40 hours. Linear fits to all pump
volume versus time data, obtained for Pumps Ⅰ and Ⅱ with respect to CO2, yielded leak rates
of 2.69 and 12.95μL/h, respectively. The best fit leak rates measured with respect to Helium
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for Pumps Ⅰ and Ⅱ were 828.6 and 874.695μL/h respectively. The liquid water leak rates
measured for Pumps Ⅰ and Ⅱ were 22.2 and 35μL/h. The data obtained were used to correct
all permeability for leakage as a function of time.

The internal volume of the high pressure valves and tubing that connect the ISCO pumps
to the sample assembly was measured before samples were subjected to permeability
measurement. This was done using a dummy sample assembly consisting of a stainless steel
cylinder (35mm in diameter and 50mm long). Following installation of the dummy sample
assembly in the experimental set-up, the system was evacuated and isolated from the two
ISCO pumps (by closing valves A and C, see Figure 2f). Both pumps were then primed with
He at 8MPa (He bottle pressure) (via valves B and D, Figure 2f), reisolated and pressurized
to and maintained at 10MPa in pressure control mode. When the pump temperature and
volume signals stabilized, the vacuum filled lines to the dummy sample were reopened, and
the volume changes measured by the pumps at the new equilibrium state was taken as the US
and DS tube volumes.
Benchmarking the differential pressure
Benchmark calibration runs were performed to determine the error in pressure
difference obtained by subtracting the raw pressure signals measured at the two ISCO pumps.
This was done with the two pumps directly connected, by operating one pump in constant
pressure mode and the other pump in constant volume mode. The values of pressure measured
using the pressure transducer mounted on each pump provided the sought error.

4.2.2.6 Data processing
In each experimental run, the pressure difference and volume change versus time data
obtained from the ISCO pumps were corrected as above for leakage and benchmark pressure
difference. The apparent permeability of the sample, assuming that flow through the sample
occurred in a series of steady states, was calculated continuously over a moving time window
of 5 to 120 minutes, using Darcy’s law written in the form

 app = 

QS L
A P

(4–1)

Here, μ is the dynamic viscosity of the fluid [Pa s], Qs is the leak-corrected fluid flux traversing
‘the rock’ sample cross section (i.e. the cross section of the OPA cylinders and of the gouge
layer) [m3·s-1], L and A are the length [m] and cross-sectional area [m2] of the sample,
respectively, and ΔP is the corrected pressure difference across the sample [Pa]. We took the
viscosities for He, CO2 and water at 10MPa and 40°C as 20.84 uPa·s, 47.82μPa·s and
653.87μPa·s respectively (http://webbook.nist.gov). Since the mole fraction of H2O present
in H2O-saturated CO2 is low (0.0036) at 10MPa and 40°C (Duan et al, 2003), we assumed
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that the viscosity of wet and water-saturated CO2 at the present experimental P-T conditions
is the same as dry CO2. The viscosities of water-saturated He and CO2-saturated liquid water
were similarly assumed to be the same as pure He and pure liquid H 2O. In calculating 𝜅𝑎𝑝𝑝
from Equation (1), Qs was obtained from linear regression fits to our pump volume versus
time data using the above-mentioned moving time window of 5 to 120 minutes duration,
depending on flow rate and run duration. The corrected pressure difference ΔP was obtained
from the average taken over the same window.

4.2.3 XRD and infrared analysis of sample material
XRD diffraction measurements were performed on the starting materials and on samples
after permeability testing, using an X-ray diffractometer (Rigaku D/max-rB) equipped with
a Cu- K-alpha X-ray source, to asses if any mineralogical changes occurred due to fluid
through-flow, e.g. flow of ScCO2. In the case of the OPA clay, cuttings collected during coring
and preparation were crushed using a pestle and mortar and used to represent the starting
material. The as-received Na-SWy-1 clay was used directly for XRD analysis of the starting
smectite gouge. After termination of the experiments on each sample (i.e. Sample A,B and
C), a small portion of sample material was retrieved from one end and similarly powered
using a pestle and mortar for XRD testing. Quantitative phase analysis was done using the
XRD profiles collected for each sample. In addition, Fourier-transform infrared spectroscopy
(FTIR) measurements were performed on the Na-SWy-1 starting material and on samples
retrieved from the simulated Na-SWy-1 gouge sample after experimentation.
Before the commencement and after termination of experiments on each sample, when
the samples were accessible for visual observation, the end surfaces were visually examined
and photographed to record any changes in the surface morphology.

4.3 Results
4.3.1 Flow-through data
The specific experimental sequence, the experimental conditions and key data for all
runs performed on the three samples investigated are tabulated in Table 1.
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Table 1. Experimental conditions and key results of permeability experiments done in present study
Flowing fluid

Run
NO.

Elapsed time
to run start

Flow
duration

P_Ⅰ

P_Ⅱ

ΔP

Pem.Ⅰ

Pem.Ⅱ

(hour)

(min/hour)

(0.1MPa)

(0.1MPa)

(*0.1
MPa)

(m2)

(m2)

Sample A
Series 1

Dry He

Run 1

0.33

41.6 hour

100.25

102.06

-1.86

2.5E-18

3.3E-18

Series 2

Dry CO2

Run 1

24.5

196.5 hour

100.24

102.07

-1.89

6.34E-19

7.92E-19

Series 2

Dry CO2

Run 2

290.52

105 hour

100.27

102.04

-1.88

1.2E-18

1.7E-18

Series 1

Dry He

Run 1

0.5

3.5 min

99.99

99.15

0.73

4.9E-15

4.9E-15

Series 1

Dry He

Run 2

0.67

3.75 min

100.12

100.45

-0.47

5.2E-15

5.1E-15

Series 1

Dry He

Run 3

0.83

4.24 min

99.74

100.20

-0.56

4.5E-15

4.5E-15

Series 1

Dry He

Run 4

3

10 min

100.15

99.69

0.29

4.5E-15

4.5E-15

Series 1

Dry He

Run 5

4.17

3.4 min

99.75

100.21

-0.61

5.2E-15

5.2E-15

Series 2

Dry CO2

Run 1

2.00

53 min

99.61

100.31

-0.93

5.7E-16

5.5E-16

Series 2

Dry CO2

Run 2

4.64

80 min

100.49

99.50

0.83

5.0E-16

4.9E-16

Series 2

Dry CO2

Run 3

9.48

66.7 min

99.53

100.51

-1.21

4.2E-16

4.1E-16

Sample B
(intact)
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Sample/
Serial
NO.

Dry CO2

Run 4

24.14

110 min

100.49

99.65

0.74

4.1E-16

4.1E-16

Series 2

Dry CO2

Run 5

52.15

75 min

99.53

100.51

-1.10

4.2E-16

4.1E-16

Series 2

Dry CO2

Run 6

55.58

68 min

100.48

99.50

0.89

4.1E-16

4.0E-16

Series 3

Dry He

Run 1

0.07

4.6 min

100.08

99.94

0.14

1.8E-14

1.8E-14

Series 3

Dry He

Run 2

1.7

3 min

100.30

100.18

-0.14

1.8E-14

1.7E-14

Series 3

Dry He

Run 3

5.1

4.1 min

99.97

100.10

-0.13

2.1E-14

2.1E-14

Series 3

Dry He

Run 4

16.4

2.3 min

99.96

100.25

-0.09

1.5E-14

1.5E-14

Series 3

Dry He

Run 5

17.6

2.1 min

100.46

100.64

-0.10

2.5E-14

2.5E-14

Series 4

Dry CO2

Run 1

0.17

5 min

99.81

100.29

-0.66

4.4E-15

4.3E-15

Series 4

Dry CO2

Run 2

2.33

22 min

100.17

99.73

0.43

2.7E-15

2.7E-15

Series 4

Dry CO2

Run 3

3

13 min

99.70

100.18

-0.50

3.3E-15

3.2E-15

Series 4

Dry CO2

Run 4

32

28.3 min

100.47

99.50

0.63

1.9E-15

1.9E-15

Series 4

Dry CO2

Run 5

33

14.1 min

99.51

100.49

-0.97

2.2E-15

2.2E-15

Series 4

Dry CO2

Run 6

173

9 min

99.06

100.02

-1.28

2.2E-15

2.1E-15

Series 5

H2O-saturated He

10 runs

NR

NR

99-101

99-101

0.5-2

*

*

Series 6

H2O-saturated CO2

16 runs

NR

NR

99-101

99-101

~2

*

*

Series 7

H2O

1 run

NR

NR

109.60

90.13

19.87

*

*

Series 8

CO2-saturated H2O

1 run

NR

NR

109.89

90.07

19.79

*

*

Series 9

H2O-saturated CO2

2 runs

NR

NR

105.21

95.12

10.14

*

*

Sample B
(fractured)
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Series 2

H2O-saturated He

1 run

NR

NR

101.74

98.69

3.10

*

*

Series 11a

Dry CO2

44 runs

NR

NR

99-101

99-101

0.13-2

*

*

Series 11 b Dry CO2

7 runs

Various mean fluid pressures at 4, 5.5 and 8 MPa

Series 12

Dry He

9 runs

Various mean fluid pressures at 8, 10 and 13.8MPa

Series 1

Dry He

Run 1

0.1

5.4 min

99.61

100.31

-0.93

4.7E-14

5.1E-14

Series 1

Dry He

Run 2

1.5

6.3 min

100.49

99.50

0.83

5.0E-14

4.9E-14

Series 2

Dry CO2

Run 1

10

15 min

100.56

100.01

-0.40

9.8E-15

9.5E-15

Series 2

Dry CO2

Run 2

35

74.2 min

99.02

100.00

-1.94

7.8E-15

7.7E-15

Series 2

Dry CO2

Run 3

145

67.5 min

101.98

99.02

1.86

7.5E-15

7.7E-15

Series 2

Dry CO2

Run 4

255

70.5 min

99.71

100.97

-2.28

6.3E-15

6.5E-15

Series 2

Dry CO2

Run 5

425

50 min

101.98

99.02

1.92

7.3E-15

7.5E-15

Series 2

Dry CO2

Run 6

540

15 min

100.03

101.00

-1.99

7.2E-15

7.2E-15

Series 2

Dry CO2

Run 7

1440

60 min

101.05

99.14

2.11

6.8E-15

6.7E-15

Series 3

CO2(100%H2O
saturated)

Run 1/8

160

68

99.10

101.99

-1.90

Series 3

CO2(100%H2O
saturated)

Run 2/9

815

432

99.40

102.00

-1.48

Series 3

CO2(25%H2O
saturated)

Run
3/10

1295

1300

101.01

100.33

1.76

2.8E-16

5.2E-16

Series 3

CO2(100%H2O
saturated)

Run
4/11

300

2800

99.19

102.06

-1.40

Sample C
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Series 10

Dry CO2

Run
5/12

60

14000

98.20

102.11

-4.65

Series 3

CO2(80%H2O
saturated)

Run
6/13

1300

1320

101.50

99.34

2.60

4.5E-16

1.3E-16

Series 3

Dry CO2

Run
7/14

200

1724

99.36

102.00

-2.52

1.2E-16

1.1E-15

Series 3

CO2(100%H2O
saturated)

Run
8/15

430

780

101.98

98.92

3.31

All experimental/series runs were performed at 40°C, with a mean pore fluid pressure of 10MPa otherwise stated.
Elapsed time is the time elapsed since the start of any series of runs performed using the same pore fluid, (i.e. since the moment a given
pore fluid was introduced into the sample).
P_Ⅰ and P_Ⅱ are the mean pressure values recorded by pumps Ⅰ and Ⅱ during each flow-through run. ΔP is the mean differential pressure
applied across the sample during each run. Perm Ⅰ and Perm Ⅱ are the mean permeabilities for an individual run, obtained from the volume
versus time data of Pumps Ⅰ and Ⅱ, respectively.
* Multiple data reported in Figures only. NR represents multiple runs that time data not reported here
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The results of the permeability measurements performed on OPA Sample A (flow
normal to bedding) using pure (dry) He (Series 1, 1 run) and then pure (dry) CO2 (Series 2, 2
runs) as flowing fluid are presented in terms of flow and measured (apparent) permeability
versus time in Figure 3. Here, time refers to elapsed time since each pore fluid was introduced
into the sample at 10 MPa. Figure 3 shows that the permeability of Sample A measured
perpendicular to bedding lies at around 1.3×10-18m2 for He, with little or no change occurring
with time. By contrast, the CO2 permeability measured in Series 2/Run 1 is ~7×10-19m2,
corresponding to a steady through-flow of ~30 mL CO2 over ~200 hours. The CO2
permeability then measured in Run 2 increases from ~1.1×10 -18m2 to ~1.8×10-18m2 and then
stabilizes at the latter value with flow of ~33 mL CO2.
(a)

(b)

(c)

(d)

Figure 3. Flow and permeability data for Sample A measured normal to bedding. (a) Flow of
He versus time. (b) Flow of CO2 versus time. (c) He permeability versus time. (d) CO2
permeability versus time. Zero time is the moment at which a given pore fluid pressure was
introduced into the sample at 10 MPa pressure. Hence time here refers to the total duration
that the sample was exposed to each pore fluid. It also gives indication of the starting time
and duration of each experimental run. Note: Time gaps between Run 1 and 2 in (b) and (d)
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represents pump recharging interval during which the sample was exposed to pore fluid
pressure at 10MPa but without through flow.

4.3.1.2 Apparent permeability data for Sample B
Intact sample data
The measured (apparent) permeability versus time data for intact OPA Sample B
(parallel to bedding), measured in the Series 1-4 runs performed sequentially using dry He,
dry CO2, dry He and dry CO2, are plotted in Fig 4 and listed in Table 1. The Series 1 (He)
data are presented in Figure 4a. This shows the average He permeability coefficients measured
in each of the 5 runs of Series 1, as a function of elapsed experimental time since introducing
He at 10MPa. The five individual runs, starting when the sample had been exposed to He
pressure for 0.5–4.2 hours with each run lasting for 3-5minutes (see Table 1), exhibit similar
values of apparent permeability (4.5-5.310-15m2), and show no dependence on time.
The Series 2 measurements, performed on intact OPA Sample B using pure (dry) CO 2,
consist of 6 individual runs (Table 1). The permeability versus elapsed time data for the first
and last runs are plotted in Figures 4b&c to illustrate typical results. The mean permeability
values obtained at the start and end of Run 1 and in each of Runs 2–5 are plotted versus
elapsed time since CO2 introduction in Figure 4d. All He permeability values measured in
Series 1 are lower than obtained for CO2 in Series 2. Figures 4b-d show that, during the first
10hours of exposure to and through-flow of CO2, sample permeability decreased by about
40% from ~710-16 to ~410-16m2, then stabilizing at this value, which is ~one order lower
than that measured using dry Helium (Figure 4a). The subsequent Series 3 permeability
measurements performed on intact OPA Sample B (using dry He) are shown in Figure 4e.
These show a clear increase in permeability from the final Series 2 value of 410-16m2
obtained using CO2, to values around 210-14m2. Switching back to dry CO 2 in the Series 4
measurements produced a decrease again to a stable value of ~210-15m2 within about 10
hours (Figure 4f).
(a)
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Figure 4. Permeability versus time measured in the Series 1–4 experiments performed on
intact Sample B (parallel-to-bedding). (a) Average permeabilities measured in Series 1 runs
using dry He. (b) Permeability evolution in the first run of Series 2 measurements conducted
using dry CO2. (c) Permeability evolution in the last run of Series 2 conducted using dry CO2.
(d) CO2 permeability change from the first to the last run of Series 2. (e) Permeability change
throughout the Series 3 runs performed using dry He. (f) Permeability change throughout the
Series 4 runs performed using dry CO2.
Fractured sample data
The bedding-parallel permeability results obtained Sample B after desiccation
fracturing, in the Series 5 to 11 permeability runs, are shown in Figures 5a–i. Recall that these
series were performed sequentially using H2O-saturated He (Series 5), H2O-saturated CO2
(Series 6), Liquid H2O (Series 7), CO2-saturated H2O (Series 8), H2O-saturated CO2 (Series
9), H2O-saturated He (Series 10), dry CO2 (Series 11) and finally dry He (Series 12), all at a
mean fluid pressure of 10MPa (refer Table 1), are presented in Figure 5a-i.
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Figure 5. Permeability data obtained for fractured Sample B (bedding-parallel cracking, preequilibrated with ~75% relative humidity). (a) Permeability change obtained in Series 5
measurements using water-saturated He. Mean permeability of 10 runs versus elapsed
experimental time. (b) Mean permeability measured in all 13 runs performed using water
saturated CO2 (Series 6), plotted against elapsed experimental time. (c) Differential pressure
and pump volume data measured in Series 7 (1 run) performed using liquid water. (d)
Permeability versus flow time data measured in Series 3 using liquid water. (e) Permeability
versus flow time data measured in Series 8 test (1 run) using CO2 saturated water. (f)
Permeability versus flow time data measured using water saturated CO2 (Series 9, 2 run). (g)
Permeability versus flow time data measured using water saturated He (Series 10, 1 run). (h)
Mean permeability measured in all 47 runs performed using dry CO2 versus elapsed
experimental time (Series 11a). (i) Permeability versus mean pore fluid pressure data
measured using dry CO2 at varying mean pressure (Series 11b). (j) Permeability versus mean
pore fluid pressure data measured using varying dry He pressure (Series 12)
In the Series 5 runs using H2O-saturated He, the apparent permeability of fractured
Sample B (pre-equilibrated with 75% RH) fell rapidly from 8.6×10 -14 to 5.8×10-15 m2,
stabilizing at the latter value beyond 20 hours of exposure to the pore fluid (see Figure 5a).
The apparent permeability was further reduced by flow of H 2O-saturated CO2 in the Series 6
runs, decreasing swiftly to 3×10-15 m2 in ~3hours and gradually reaching a steady value of
2.8×10-15 m2 at ~20 hours (Figure 5b). Subsequently, using water at 10MPa mean pressure as
the flowing fluid (Series 4), the permeability decreased sharply. Almost no flow was measured
by the downstream (DS) pump over ~5 hours under an initially applied differential pressure
of 0.4 MPa (Figure 5c), and this remained so until the differential pressure was increased to 2
MPa (Figure 5c), presumably when the breakthrough pressure was achieved. The apparent
permeability then measured using water was ~2×10 -19m2, exhibiting negligible change over
60 hours of through-flow (Figure 5d). Establishing a continuous flow of CO 2-saturated H2O
thereafter, i.e. in the single Series 8 run, gradually increased the apparent permeability from
~5×10-19 m2 to 2×10-18 m2 over 100hours (Figure 5e). Flow through of H2O-saturated CO2
(Series 9, 1 run) then increased the permeability further, reaching a new steady value of
~2.5×10-18 m2 (Figure 5f). Little change occurred when the fluid was subjected to H 2O-
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saturated He (S10, 1 run) over 40 hours of flow (Figure 5g). The permeability runs were then
continued using dry CO2 (Series 11a, 44 runs). No change from the wet CO 2 and wet He
values of ~2.5×10-18 m2 occurred in the first 120 hours of dry CO2 flow. However, beyond
150 hours, the permeability increased rapidly reaching a near steady value of 5.9×10 -13 m2
after the sample had been exposed to the dry CO2 for ~600 hours (Figure 5h). After a total of
~1600 hours of dry CO2 flow at 10MPa mean pressure (Series 11a), two series of runs were
attempted at varying mean fluid pressure using dry CO 2 (Series 11b) and then dry He (Series
12) (Figure 5i&j). Average permeability values with dry CO 2 remained at ~6×10-13 m2.
However, the permeability measured using dry CO2 showed decreasing trend with increasing
mean fluid pressure (Figure 5i), while those measured using dry He exhibited opposite trend
(Figure 5j), i.e. increased with increasing mean fluid pressure. Moreover, slightly lower
permeability values were measured with dry CO2 versus with dry He, consistent with the trend
observed for Sample A and Sample B before fracturing.

4.3.1.3 Apparent permeability data for Sample C (simulated smectite gouge)
The initial Series 1 permeability runs performed on Sample C using dry He (two runs),
yielded similar permeability values of ~5×10 -14 m2 (see Table 1). The permeability results
obtained for the subsequent Series 2 runs on Sample C, conducted using dry CO2 (Runs 1–7)
are presented in Figure 6, as are the Series 3 data (Runs 1-8) obtained for alternating wet and
dry CO2 flow (refer Table 1). The permeability evolution shown by the Series 2 runs
conducted with pure CO2 (Runs 1-7) is plotted against elapsed (i.e. CO2 exposure) time in
Figure 6a. This shows that the dry SWy-1 montmorillonite “gouge” layer experienced a small
reduction in permeability while being flushed with CO2, falling from 9.510-15 to 710-15m2
after1400minutes exposure, asymptotically approaching the later value after ~400 minutes.
Flushing with 100% H2O-saturated CO2, in Runs 1 and 2 of the Series 3 tests, continuously
reduced the apparent permeability by more than one order over 470 minutes, from 6.510-15
to 310-16m2 (Figure 6b&c). Switch to flow of wet CO2 with 25% H2O saturation (Series 3,
Run 3, Figure 6d), caused an increase in permeability, from 310-16 to 510-16m2 over 1200
minutes. Representative data obtained in subsequent runs using an alternating wet and dry
CO2 are plotted in Figures 6e-g, in terms of permeability versus flow time of each run.
Generally, the permeability of the gouge layer fell to ~310-17m2 using 100% water-saturated
CO2 as the flowing fluid, and increased to ~1×10-15m2 during dry CO2 flow. This permeability
change was reversible. However, whereas the permeability fell rapidly to ~310-17m2 when
water-saturated CO2 was introduced and flowed through the sample (over ~500 to 1500
minutes), reversion to ~10-15m2 took much longer (>5000 minutes) when dry CO 2 was
injected. Note that Run 6 of Series 3, which was performed with 80% water-saturated CO2,
showed a similar permeability to runs performed using fully water-saturated CO2.
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(c) Series 3_Water-saturated CO2

(f)

Series 3_Dry CO2 Run 7

Figure 6. The (measured) apparent permeability versus
flow-through time for sample C. (a) Permeability
evolution over Series 2 runs using(dry) CO2. Mean
permeability values measured for 7 runs are plotted
against the elapsed time. (b)Permeability versus flow
time data measured in Run 1 using water-saturated CO2.
(c) Permeability versus flow time data measured in Run
2 using water-saturated CO2. (d) Permeability data
measured in Run 3 using 25% water saturated CO2. (e)
Permeability data measured in Run 6 using 80% watersaturated CO2. (f) Permeability data measured in Run 7
using dry CO2. (g) Permeability data measured in Run 8
using water-saturated CO2.
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4.3.2 XRD/IR data and sample scale observations
Our XRD results (see Appendix) on the mineralogical constituents of the OPA and NaSWy-1 starting material and the three samples (A, B, C) subjected to through-flow
experiments are summarized in Table 2. The XRD results show (1) Sample A exhibited a 5%
decrease in calcite (21% versus 26% in the OPA starting material) and contained 5% feldspar
and 2% siderite, which were not detected in reference OPA material. (2) Sample B exhibited
a 11% decrease in calcite content as compared to the reference OPA material. In addition, 3%
feldspar and 3% gypsum were detected in Sample B, but not in the reference OPA material.
Other mineral components did not exhibit discernible changes above resolution (≥3%) in
either Sample A or Sample B, relative to the reference material. (3) No detectable change in
mineral composition occurred in the simulated smectite gouge (Sample C), in comparison to
the reference Na-SWy-1 montmorillonite. Change in sample mass was also trivial. Similarly,
the results of Infrared analysis on Sample C versus the reference Na-SWy-1 clay suggest no
new bond formation in Sample C after testing using variably wet CO 2, which confirms the
XRD analysis.
Table 2. Mineralogical composition of the three samples and reference materials obtained
from XRD
Sample ID

Quartz Smectite Calcite Chlorite Kaolinite illite feldspar Gypsum Pyrite Siderite illi/smec*

OPA reference material 23%

26% 13.16% 4.23% 5.17%

4%

OPA-Sample A

23%

21%

12%

6%

6%

5%

OPA-Sample B

24%

15%

14.5%

4.5%

7.5%

3%

Na-SWy-1_Raw

7%

76%

-

-

-

15%

-

SWy-1_Sample C

10%

74%

-

-

-

14%

-

3%

24.%

3%

2%

22%

4%

2%

22.5%

* Mixed layer of illite and smectite with smectite accounting for ~20%.

Inspection of Samples A, B and C before and after termination of the flow-through
experiments and re/dehydration stages (Sample B) showed no changes in morphology of the
samples ends, except in the core of OPA Sample B (cored parallel to bedding). Figure 8 shows
photographs taken of the same end of Sample B at different stages of our permeability tests.
Figure 8a was shot before any flow-through testing, and shows multiple hairline fractures.
Figure 8b was shot after experiments on intact sample B using dry He and dry CO2 (Series 1–
4), showing minor but more prominent fractures. Two main fractures appeared in Sample B
when rehydrated to 75% relative humidity after cyclic dehydration and rehydration treatment
(Figure 8c). Figure 8d was taken after the fractured Sample B had undergone all throughflow runs using the full range of flowing fluids employed, and shows well-developed fractures
and delaminated bedding.
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(a)

(d)

Figure 7. Photographs of the same end face of sample B at different stages of our permeability
tests. (a) The initial condition before experimentation, with multiple native fractures visible
parallel to bedding laminations. (b) Fractures (indicated by red arrow) present after cycles
of dry Helium and dry CO2 flow-through runs (Series 1–4). (c) Two main fractures were
present when rehydrated to 75% relative humidity after cyclic dehydration and rehydration
treatment. (d) Sample bedding layers split to form well-developed dilatant fractures after
through-flow runs sequentially using a variety of pore fluids (i.e. after Series 6–12 runs).

4.4 Discussion
The permeability experiments performed in the present study were mainly aimed at
investigating how the previously reported swelling/shrinkage behaviour of smectite due to
interaction with CO2 and water would affect the permeability of smectite-bearing claystone
and simulated smectite-rich fault gouges under laterally-constrained displacement boundary
conditions. The intention was to provide constraints for evaluating the sealing integrity of

145

Chapter 4
fractured and faulted clay-rich caprocks overlying CO2 storage reservoirs, where
swelling/shrinkage effects in open fracture walls and dilated gouge-filled faults may cause
large transmissivity changes under laterally constrained subsurface conditions. In the
following, we will discuss our results and attempt to explain the phenomenological trends
observed.

4.4.1 Behaviour of the OPA claystone samples
4.4.1.1 Imposed boundary conditions
The two Opalinus Clays samples tested in the present study (Samples A and B) were
glued into the permeametry vessel, creating a zero lateral strain and zero initial radial
(effective) stress condition prior to pore fluid pressure introduction. Upon introduction of
10MPa fluid pressure, the stainless steel sample vessel inevitably expanded by a small
amount. This expansion was estimated, from the theory of a thin-walled elastic cylinder to
amount to a radial strain of <1×10-4 or <2 µm radial displacement, which represent a negligible
change in the intended zero radial strain boundary condition. In addition, the sample would
be affected by poroelastic effects upon pore fluid pressurization, producing minor contraction,
and increasing the aperture of any axial cracks present, thus maintaining zero or near-zero
effective radial stress. The lateral boundary conditions imposed are thus similar to those
experienced by rock matrix located at or close to open fractures or faults present in a caprock
unit (e.g. adjacent to a vertically orientated fracture or fault). The displacement and stress
boundary conditions employed therefore correspond to more or less the worst case that might
occur in-situ, where fractures and faults in a caprock unit are open and normal stress free, and
hence most likely to allow vertical advective flow and leakage of stored CO2. In this situation,
the effects of clay swelling or shrinkage on fracture or fault aperture and permeability can be
expected to be greatest.

4.4.1.2 Effects of alternating flow of dry He and dry CO2 on intact OPA Samples
A and B
Permeability anisotropy to He versus CO2
Our permeability experiments on intact OPA Samples A (Series 1) and B (Series 1,3)
showed that dry He permeability of Sample A measured perpendicular to bedding (2.9×1018 2
m ) was more than 3 orders lower than that measured parallel to bedding using Sample B
(5×10-15m2) (see Table 1, Figure 3a&c, Figure 4a&e). This demonstrates that a strong
permeability anisotropy due to the laminated bedding. Through-flow perpendicular to bedding
is presumably controlled by transport through sparse, poorly connected pore networks that
must traverse the clay-rich sedimentary laminations forming highly tortuous paths. However,
flow parallel to bedding (Sample B) would be strongly promoted by (visible) micro-cracks
within the bedding (see Figure 8a), high layer-parallel connectivity and low tortuosity
(Houben et al., 2014, 2013).
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The permeability measurements subsequently performed on intact OPA Samples A
(Series 2) and B (Series 2 and 4), using dry CO 2, showed lower permeability values than
measured using He (Figures 3b,d; Figures 4d,f). This demonstrates a clear permeability
reduction effect of dry CO2. However, the degree of permeability anisotropy was reduced.
The CO2 permeability of Sample A (perpendicular to bedding) was reduced by a factor of ~3
relative to the He permeability, whereas the CO2 permeability of Sample B (parallel to
bedding) decreased by a full order. The most obvious interpretation is that anisotropic
swelling occurred preferentially in and normal to the clay-rich sedimentary laminations upon
exposure to and uptake of CO 2. This speculation is supported by (a) the anisotropic swelling
properties of the OPA claystone upon uptake of water, where the swelling strain perpendicular
to bedding 10 times greater than that parallel to bedding (Thury, 2002) and (b) the fabric
normal swelling effect seen in smectite and illite clays upon exposure to dry CO 2 reported by
Zhang et al. (2018, Chapter 2) and Zhang et al. (2019, Chapter 3). In addition, the permeability
of Sample A (flow normal to bedding) decreased immediately when flushed with CO2 after
Helium, and initially showed no dependence on CO2 flow duration (Figure 3b,d). By contrast,
while the permeability of Sample B (parallel to bedding) to He was independent of flow time
(Figure 4a), the permeability during subsequent CO2 flow decreased by a factor of ~2 in the
first 10 hours of flow, to a stable value of 4×10-16 m2 (Series 2, Figure 4d) or 2×10-15 m2 (Series
4, Figure 4f). This time dependent evolution of permeability seen in intact Sample B clearly
demonstrates time-dependent self-sealing. Again this point to CO2 uptake-induced swelling
of the smectite present in the clay-rich laminations in the sample (Giesting et al., 2012b), with
the rate of permeability reduction likely being controlled by the rate of CO2 penetration into
the clay layers or by the rate of CO2 uptake by the smectite constituents (Chapter 5).
Exploring this hypothesis further, dry OPA Claystone has a mean smectite content of
~5% (24% illite/smectite mixed layer with a mixing ratio of 4:1, see Table 2). Previous work
has shown that smectites with an initial hydration state of H <1W (e.g. Na-type smectite) or
1W<H<2W (c.f. Ca-type smectite), swell when exposed to dry CO2 (Giesting et al., 2012a;
Giesting et al., 2012b; Zhang et al., 2018). It can also be inferred from previous research
(Zhang et al., 2018; Ferrage et al., 2007c) that the smectite component of Samples A and B,
which were pre-equilibrated with lab air humidity at 40°C and then subjected to brief
degassing in vacuum before testing pore fluid introduction, would retain these initial
hydration states and be capable of taking up CO2 into the interlayer structure and thus swelling
(de Jong et al., 2014). In addition, Zhang et al. (2019, Chapter 3) observed that illite and illitelike clays pre-equilibrated with lab air humidity at 40°C are also able to swell by up to 30%
of the swelling strain shown by smectite, upon exposure to CO 2 pressure at 10MPa. Hence,
the present results on permeability change and anisotropy for OPA samples strongly suggest
a self-sealing effect caused by CO2 interaction with the smectite and illite content present in
the samples investigated.
Of course, other effects might also play a role, such as chemical reaction between
components of OPA clay and CO2, or the Klinkenberg effect due to different pathways or
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migration mechanism of CO2 versus He. The possibility of a sealing effect of chemical
reactions can be excluded by the fact that XRD measurement on OPA Sample A did not detect
changes in the mineral composition in excess of the mineralogical variation, seen in the
reference OPA material. Slip flow, such as the Klinkenberg effect, is also unlikely to have
contributed to the differences in permeability values between CO2 and He, since the He and
CO2 fluids at 10 MPa have mean free paths values of ~2 nm and ~2Å respectively, which are
much less than the diameter of the connected pores contributing to the measured
permeabilities of >10-19m2.
Permeability evolution in intact Sample B
To examine the effects of repeated alternations in through-flow of dry He versus CO2,
we plotted all permeability versus elapsed time data obtained in the Series 1–4 runs performed
on intact Sample B-see Figure 8. This shows that while the (stable) permeability measured
using dry CO2 is always lower than measured using dry He (cf. Series 2 versus Series 1 runs
and Series 4 versus Series 3 runs in Figure 8), the permeability to He and to CO 2 increased
after the first series of CO2 runs (i.e. after the Series 2 runs). Our interpretation is that cyclic
pressurizing and depressurizing created through-going fractures or widened existing fractures,
as evidenced by those observed at the end of the sample after the Series 1–4 experiment
(Figure 8b). Specifically, we infer that initial replacement of He (Series 1) with CO2 (Series
2) led to intercalation of CO2 into the interlayer structure of the smectite phase, while H 2O
migrated from the interlayer into the free CO2 fluid, yielding an overall swelling effect and
crack permeability reduction. The swelling effect contributed by CO2 intercalation (Series 2)
was then reversed when the CO2 fluid was displaced by He (Series 3), and along with flushing
out of the water molecules dissolved in the CO2 fluid, resulting in a larger net shrinkage and
higher than initial permeability. This kind of water-displacement-induced shrinkage of
smectite is a typical effect of CO2 due to partitioning of CO2 and H2O between the interlayer
structure of smectite and the free CO2 phase, while He and N2 reportedly had no such effect
(Schaef et al., 2012; Ilton et al., 2012). Final replacement of He (Series 3) with CO2 (Series
4) ultimately led to CO2 intercalation in the now drier smectite phase, causing similar swelling
and crack permeability reduction (Figure 8). Note that the He and CO 2 permeabilities
measured in the second cycle (Series 3 and 4) are higher than those measured in the first cycle
(Series 1 and 2), which is also presumably caused by shrinkage related to loss of water
dissolved in CO2 fluid when displacing CO2 by He (Series 3).
Galán and Aparicio (2014) found that interaction of saponite (Mg-smectite) with CO2
leads to decomposition of saponite and precipitation of dolomite. However, our XRD analysis
on the gouge or OPA material tested using dry and wet CO2 did not show formation of
carbonate or decomposition of the montmorillonite sample. Thus we infer that the increase in
permeability caused by sequential flow of dry CO2 and He is related specifically to desiccation
fractures induced by progressive net shrinkage of smectite-rich laminations in the rock matix.
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Figure 8. Evolution of permeability of Sample B during the Series 1-4 through-flow runs
performed using dry He and dry CO2 in alternation. Individual data points respresent the
mean permeability of each run plotted versus the corresponding time elasped since
pressurization with each fluid shown.

4.4.1.3 Permeability evolution in fractured OPA Sample B
Effect of wet He versus wet CO2 –Series 5 versus Series 6 runs
Following cyclic desiccation and fracturing, OPA Sample B was equilibrated with 75%
RH, which means that the main smectite components present in the sample should have
assumed a hydration state of ~2W (Morodome, 2011; Morodome and Kawamura, 2009), prior
to subsequent permeability testing using wet He (Series 5) and wet CO 2 (Series 6). In the
Series 5 runs, exposure to and flow of water-saturated He (RH=100%) rapidly reduced the
permeability of fractured Sample B from 8.6×10 -14 to 5.8×10-15 m2, with no further change
beyond 20 hours (Figure 5a). Smectite swelling due to uptake of and equilibration with water
carried by the wet He fluid is believed to be the main reason for the observed permeability
reduction. This is supported by the fact that smectite in the 2W hydration state tends to hydrate
towards the 3W state upon exposure to RH=100%, exhibiting crystallite swelling normal to
(001) of up to 20% at equilibrium (Ferrage et al., 2010; Morodome and Kawamura, 2009).
The equilibrium permeability value reached in the Series 5 runs was further reduced by
introduction and flow of H2O-saturated CO2 in Series 6, decreasing from 5.5×10-15 to 3×10-15
m2 in ~3hours, gradually reaching a new steady value of 2.8×10-15 m2 at ~20 hours (Figure
5b), which is 1/2 the steady permeability obtained with H 2O-saturated He. Two mechanism
might be responsible: (1) water-saturated CO2 caused crystallite swelling of the smectite
present (H≤3W, pre-equilibrated with RH=100%), due to (re)partitioning of water and CO 2
molecules in the interlayer structure (Schaef et al., 2012; Schaef et al., 2015); (2) water
condensation and formation of water films on mineral grain surfaces occurred (Ferrage et al.,
2005), due to the fact that the solubility of H2O in ScCO2 is about 2-3 times of that in He (c.f.
Spycher et al., 2003; Chapoy et al., 2004).
Effect of water versus water-saturated CO2 (Series 7 versus Series 6)
In case of the Series 7 runs, when wet-CO2 (Series 6) was replaced by water (Series 7),

149

Chapter 4

Effect of CO2-H2O-smectite interactions on permeability of clay-rich rocks…

Chapter 4
the permeability of fractured Sample B decreased sharply. Near zero flow was measured
until a differential pressure of 2 MPa was applied (Figure 5c). We infer that this 2 MPa
differential pressure roughly represents the layer parallel breakthrough pressure of the
Claystone investigated (Wollenweber et al., 2010; Song and Zhang, 2013). The apparent
permeability values measured after breakthrough using water was around 2.9×10 -19m2 (Figure
5d), which is ~3 orders lower than measured at equilibrium with water saturated He and watersaturated CO2 (Figure 5b&c). The observed reduction in apparent water permeability of
Sample B could be due to (a) Formation of condensed water in films on mineral surfaces and
in inter-granular pores (Homola et al., 1989, Faulkner and Rutter, 2000, Faulkner and Rutter,
2003, Moore and Lockner, 2004) (b) Smectite particle dispersion and electro-kinetic effects
in presence of liquid water (Weber and Stanjek, 2011; Espinoza and Santamarina, 2017), or
(c) water-induced weakening of the clay matrix combined with constrained swelling-induced
compaction driven by swelling stress/pressure (Massat et al., 2016; Wang et al., 2014). These
mechanisms can all result in clogging or narrowing of the flow paths available in the
proceeding tests.
Effect of CO2-saturated water (Series 8)
The permeability measured immediately after through-flow of CO2-saturated H2O
(Series 8), following liquid H2O flow (Series 7), is similar to that measured with liquid water
(~3×10-18 m2). However, unlike the steady permeability measured with liquid water beyond
50 hours of flow, ongoing flow of CO 2-saturated H2O increased the permeability from 3×1019
to 2×10-18 m2 over 100hours (Figure 5e). On the basis of the XRD measurements which
show that the calcite content of Sample B after experimentation was 11% lower than the
reference OPA material, we suggest that this increase was caused by dissolution and removal
of carbonates in the through-flowing CO2-saturated water.

4.4.2 Behaviour of simulated smectite faults gouge (Sample C)
Gouge-filled faults are more likely to present leakage pathway compared to intact
caprock (Frash et al., 2017; Bakker, 2017; Song and Zhang, 2013). The present experiments
on Sample C addressed a simulated smectite gouge layer subjected to boundary conditions
mimicking the in-situ condition of an initially dilated and transmissive fault gouge, i.e. near
zero lateral strain with low effective normal stress acting on the fault. We chose Na-SWy-1
montmorillonite “gouge” because fault gouges in clay-rich rocks are frequently enriched in
smectite compared to the wall rock (Chen et al. 2012).
Our results for this gouge, with its initial hydration state of H<1W, show that exposure
to and subsequent flow-through of dry He (Series 1) and then dry CO2 (Series 2) causes a
decrease in apparent permeability from 5×10-14m2 using He to 7×10-15m2 using CO2 (Figure
6a). CO2-mineral reactions are excluded by the XRD and FTIR results, which showed no
changes in the final versus initial mineralogy of Sample C. This is in agreement with research
by Krukowski et al. (2015) that recorded no carbonate mineral formation in Na-exchanged
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In addition, subsequent flow-through runs (Series 3) performed sequentially using
variably wet CO2 and (pure) dry CO2 showed that flow of water-saturated CO2 was able to
reduce the permeability of the dry clay gouge by ~ 2 to 3 orders (Figure 6b-c), and that such
reduction could be reversed by continuous flow of CO2 with lower H2O content (Figure 6bc). These trends are similar to those observed in our experiments on fractured Sample B and
indicate that the dominant effect controlling permeability is the swelling/shrinkage effect of
water uptake and removal, with interlayer CO2 uptake and other interactions playing a
relatively minor role in wet systems.

4.5 Implications
We now explore the implications of our results for reservoir behaviour and especially
for the sealing integrity of fractured and faulted clay-rich caprocks in the context of both CO2
storage and CO2-enhanced oil/gas recovery.

4.5.1 Effect of CO2 injection on sealing efficiency of clay-rich caprock and fault
systems
During charging of subsurface CO2 storage systems, such as depleted gas/oil reservoirs
or saline aquifers, large amounts of (supercritical) CO2 will be injected into the storage
reservoir at a relatively high rate (million of tons per year, Esposito et al., 2011). The CO2
injected is anhydrous or of low water content, to reduce corrosion effects occurring in the
steel pipelines and other infrastructure during surface transportation (Doctor et al., 2005).
During the injection stage, a region of anhydrous supercritical CO2 will form immediately
around the wellbore as the pore fluid (brine) present in affected region of reservoir formation
is displaced. The dry CO2 region is to be surrounded by a wet CO2 region. Beyond that, brine
containing dissolved and capillary trapped CO2 will be the dominant fluid phase. Continuous
injection will expand the region of anhydrous CO2 by pushing the CO2/brine interface into the
reservoir formation (Pruess and Muller, 2009, Kim et al., 2012a).
Against this background, our experimental results have implications for the behaviour
of both the reservoir and caprock systems when these are clay rich. show that the permeability
coefficient of clay-rich OPA sample (Sample B) measured using water saturated CO 2 is
considerably higher than that measured with liquid water and CO2 saturated water. Moreover,
flow of drier CO2 through the clay-rich sample pre-equilibrated to high water activity (i.e.
liquid water) results in tremendous increase in permeability due to desiccation and associated
shrinkage effect, might be sufficient to cause propagation of desiccation effect into the
caprock, thereby our result mean that migration/flow of the latterly inject CO 2 should become
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montmorillonite (Na-STx-1) after being charged with CO2 up to 6 MPa pressure at 35 and
50°C. Given the inferred initial hydration state of Sample C (<1W), the decrease in
permeability measured for dry CO2 flow versus dry He must then reflect the swelling effect
caused by CO2 uptake or sorption into the smectite interlayer, as reported by Giesting et al.
(2012b) and (Rother et al., 2013).
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easier in the reservoir formations where the before-injected CO2 phase has displaced existing
brines, and with continuous flow of dry CO2 alongside with proceeding of the desiccationinduced permeability increment, the injection might be greatly facilitated.
Applying these implications to clay-rich caprocks near the CO2 injection well, the risk
of caprock leakage related to desiccation induced cracks must be considered. Cracks initiated
due to dry CO2 flow in the reservoir or at the base of the caprock will probably propagate
upward, especially near the wellbore during continuous injection of anhydrous CO2,
potentially creating pathways for convective flow of dry CO2 in the caprock. As demonstrated
in the present study, dry CO2 flow is able to increase the permeability of wet clay-rich
materials, possibly leading to a self-enhancing feedback loop, finally resulting in resulting in
leakage pathways extending through (Espinoza et al., 2015). Fortunately, a detrimental
feedback loop of this kind can be prevented through proper regulation of the injection rate
(Song and Zhang, 2013). Nonetheless, the limiting injection rate has to be investigated with
consideration for specific-site conditions.
During injection of CO2, the pressures of the pore fluid (CO2 plume and CO2 charged
brine) within a storage reservoir will be regulated to remain under the capillary entry or
breakthrough pressure of the caprock, i.e. the pressure required to displace formation water
from pores and conduits in the caprock. For the depleted oil/gas reservoir, which have caprock
with proved sealing capacity, CO2 in the reservoir can only penetrate and migrate within the
intact caprock via diffusion, whereas advective flow (Darcy flow) can only occur within
locally connected pores and fractures (Song and Zhang, 2013). Zhang et al. (2018 )
demonstrated that introduction of dry CO2 to room-dry smectite in a closed system will cause
swelling (stress) and cause no effect to water- saturated smectite. Present study shows that the
impact of CO2 through-flow on the permeability of a clay-rich shale or simulated gouge
strongly depends on water activity in the CO2 fluid and the proceeding hydration state of the
clay component, which in turn refers to activity of water in the initial pore fluid. If the gas/fluid
pressure is lower than the sum of reservoir pressure and gas entry pressure, no volumetric or
Darcy flow is expected, thus the caprock should function as good seal in terms of capillary
sealing mechanism. In the long term, if structure pathways across the caprock are created, e.g.
due to activation of faults, the leakage of CO2 would occur. If the leaking CO2 is relatively
dry (activity of dissolved water < smectite interlayer water activity), then the smectite
component of the clay-rich caprock will shrinkage and a self-enhancing feedback loop will
be created (c.f Run11 on Sample B, Figure 5h). On the other hand, if the CO 2 is relatively wet
(activity of dissolved water is larger than smectite interlayer water activity), then no such
feedback loop will occur and the fault may even seal (cf. Run 6 on Sample B, Figure 5b).
Note that this is only inferred in consideration of the CO2-smectite interaction, the other physichemical interaction between CO2 and components of caprocks are not taken into account.
There are very few observations of caprock exposed to CO 2-rich brines. Preliminary
examination of core recently recovered from scientific drilling of a natural CO2 accumulation
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in Utah suggests that the diffusion of CO2 into reservoir caprocks drives dissolution of Feoxides but subsequent precipitation of carbonate minerals likely retards the diffusion distance
of the CO2 (Kampman N. 2014). Therefore, the self-enhancing permeability as a result of
carbonite dissolution is not likely to happen in the caprock system, where the advective flow
of CO2 charged brines is negligible and that diffusion is the main transport mechanism.

In the case of CO2 storage oil and gas reservoir, first implication discussed in above
section (Section 4.5.1) applies. In addition, our results have implications for CO 2-enhanced
oil/gas recovery. In current industrial production of oil and gas, hydro fracturing operations
are conducted using water-based hydraulic fluid to improve recovery rate, especially for
unconventional shale gas and oil exploitation (King, 2010; Gandossi, 2013). However,
injective transport of such fluid into gas and oil shales, which is critical for initiation and
propagation of fractures, will generally cause spontaneous uptake of the aqueous fracturing
or treatment fluids by the clay components in the shale matrix. The associated swelling effect
of the smectite component has been reported to result in well-failure and permeability shutdown in the reformed reservoir formation, especially in reservoir systems with high clay
content (Anderson et al., 2010). Previous experiments have shown that CO2-saturated H2O
and H2O-saturated CO2 will not lead to swelling effects in smectite material that is preequilibrated with liquid water in batch test (Zhang et al., 2018), while the present study
demonstrated that a) convective flow of dry CO2 through smectite-bearing rock preequilibrated with liquid water activity will considerably enhance the permeability through
initiation of desiccation-induced fractures or widening of fracture apertures; b) flow of watersaturated CO2 through initially water saturated OPA Claystone yield an equivalent or higher
permeability than that measured using liquid water. This implies that anhydrous CO 2 has a
great potential to be used as an alternative hydro-fracturing fluid for clay-rich reservoir
formations, if it can be injected fast enough to avoid hydration. At the stage of hydraulic
fracturing stage, large amounts of hydraulic fluid will be injected. In the scenario of CO 2
injection/fracturing, convective flow of anhydrous CO2 along pre-existing or hydraulicallyinduced fractures is likely to cause shrinkage of the matrix surrounding the fractures, and
enhance the permeability through development of desiccation-induced fractures. This will in
turn facilitate hydraulic fluid injection, helping avoid injection clogging resulting from fluid
uptake by and swelling of clay components in the scenario of water-based hydraulic fluid. In
addition, CO2 at most reservoir P-T conditions is in super critical state, which is miscible to
oil and gas, this enables the CO2 injected to displace the oil/gas trapped in micro-pores through
capillary mechanism, hence enhancing the gas/oil recovery rate. However, some operational
challenges and difficulties need to be overcome, such as storage and transport of large amount
of SC-CO2 required for fracturing activities at industrial scale, proppant carrying and
transport, CO2 recycling and desiccation (Zhang et al., 2017).
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4.6 Conclusions
We performed permeability experiments on radially constrained Opalinus Claystone
cylinders (35×70mm), cored perpendicular (Sample A) and parallel to the bedding (Sample
B), at near zero initial radial stress. A similar third sample (Sample C) was investigated,
consisting of a simulated smectite gouge layer (Na-SWy-1 montmorillonite) pre-pressed and
sandwiched between two stainless steel half-cylinders. Permeability runs using dry He
(control experiment) and then dry CO2 were conducted on all three samples. In addition,
Sample B was desiccation-fractured and pre-equilibrated with 75% relative humidity after
repeated through-flow runs using dry He and CO 2, and then subjected to multiple series of
permeability runs performed using water-saturated He, water-saturated CO2, liquid H2O,
water-saturated CO2, water-saturated He, dry CO2 and dry He. Sample C was tested using
alternating flow of variably-wet CO2 and finally dry CO2. All permeability experiments were
done at 40°C with a mean pore fluid pressure of 10MPa, except for the last two serial runs on
Sample B, which employed variable mean fluid pressure of dry CO 2 and He. Our main
findings can be summarized as follow:
1. Introduction and through-flow of dry CO2 through room-humidity-equilibrated
Opalinus Claystone samples and simulated smectite fault gouge recorded a decrease in
stabilized (long term) permeability in all three samples tested, by a factor of 4–9 or even by >
1 order, in comparison to control runs performed using dry He. This confirms a self-sealing
effect related to swelling of smectites characterized by a hydration state <1W prior to exposure
to and through-flow of dry CO2.
2. The permeability of OPA cores showed significant anisotropy in directions
perpendicular versus parallel to bedding. The He permeability measured parallel to bedding
was more than 3 orders of magnitude higher than perpendicular to bedding, presumably
reflecting the different aperture and tortuosity of flow pathways associated with flow parallel
to versus perpendicular to bedding. The extent of permeability anisotropy decreased in CO 2
measurements, to less than 3 orders of magnitude, which reflects a different effect of CO 2 on
reducing the permeability parallel to and perpendicular to bedding. The most obvious
interpretation is that anisotropic swelling occurred preferentially in and normal to clay-rich
sedimentary laminations upon exposure to CO2.
3. Stable (long term) permeability values measured for OPA Sample B (parallel to
bedding) using water-saturated CO2 and then water-saturated He are similar to those measured
using CO2-saturated water. By contrast, large volumes of dry CO2 flow caused a permeability
increase by up to 3 orders in Sample B when pre-equilibrated with liquid water activity,
reflecting a desiccation effect of the smectite interlayer and associated shrinkage plus
porosity/permeability increase.
4. Stable permeability measured using dry CO2 for air-dried (H<1W) simulated smectite
fault gouge is ~1 order lower than that measured using dry He. Alternating flow of water-
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saturated CO2, water-saturated CO2 and dry CO2 through the simulated smectite gouge leads
to a time dependent change in permeability by 1-2 orders. Such changes in permeability are
more or less reversible and caused by uptake/loss of water and/or CO2 by the smectite
components.

6. Our experimental results have the following implications for CO 2 subsurface storage
system sealing by fractured and faulted clay-rich caprocks under the shallow subsurface
conditions under (T=40°C). (a) CO2 migration into fractures/faults in smectite-bearing
caprocks pre-equilibrated with pore water activity, is likely to cause a self-sealing effect, and
reduce leakage potential of pre-existing pathways. The sealing enhancement effect is most
significant (i.e. up to 2–3 orders permeability reduction) when a wet CO2 phase migrates into
pre-exisiting cracks in caprocks that are initially equilibrated with a low water activity. (b)
Little effect will occur if the water dissolved in CO2 has similar activity as water present in
the interlayer of smectite component of the caprock. (c) However, flow of relatively dry CO2
(activity of dissolved water < smectite interlayer water activity) will cause shrinkage to the
smectite component of fractured/faulted the clay-rich caprock and cause a self-enhancing
feedback loop, increasing the (local) permeability by 2–3 orders. In the vicinity of an injection
well where a large amount of anhydrous CO2 is present during injection, such a self-enhancing
feedback loop might cause progressive opening extension of pre-existing leakage pathways,
hence increasing leakage hazard. This potential leakage risk needs to be further investigated
and measures should be taken to avoid it. On the other hand, this type of self-enhancing
feedback loop accompanying convective flow of anhydrous CO 2, could facilitate dry CO2
injection into clay-rich reservoirs. This suggests some potential for using anhydrous CO2 as a
hydraulic fluid to control swelling-related problems in hydraulic fracturing operations in clayrich oil/gas reservoir formations, which are frequently encountered using water-base
hydraulic fluids.
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5. Whether the permeability in smectite-bearing claystones increases or decreases with
continuous flow of CO2-rich fluid, depends on the water activity to which the sample has been
pre-equilibrated versus the water activity in the CO2 bearing fluid. Water uptake or loss plays
the dominate role in controlling change of permeability in smectite-bearing claystone, with
the CO2 having an additional minor effect through CO2-water-smectite interactions
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Appendix 1. Representative results of XDR and Infrared analysis

Figure A1. Representative data collected in XRD measurements on reference OPA material and
decomposition of the XRD profiles for quantitative determination of material mineral composition.

Representative XRD profiles measured for the referential OPA material are plotted in
Figure 7 plotted, which also shows how the profiles were decomposed to quantitatively
determine the mineral composition of the material tested.
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Figure A2. Infrared spectroscopy obtained for Sample C and reference Na-SWy-1
montmorillonite.
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Abstract
The swelling-shrinkage behavior of smectites induced by interlayer uptake or sorption
of CO2 and H2O has been investigated with increasing interest recent years, for its potential
impact on sealing efficiency of clay-bearing caprocks overlying CO2 storage reservoirs. To
get a better a better understanding of the stress-strain-sorption coupling in smectite exposed
to supercritical CO2, we performed multiple stepwise axial loading and unloading, oedometertype experiments on ~1mm thick discs of pre-pressed Na-SWy-1 and of Ca-SAz-1
montmorillonite. Initially air-dry (AD) samples were first tested in the presence of wet CO 2
(20% RH) at 10 MPa pressure, and in the vacuum-dry (VD) state in the presence of pure (dry)
CO2 at 10MPa. The samples were incrementally loaded and unloaded at 40°C, employing
effective stresses ranging from 0.5–44MPa. Control tests using wet and dry He or Ar instead
of CO2, were performed to distinguish strains due to loading related CO 2 sorption/desorption
from purely poroelastic effects. All samples saturated with CO2 exhibited 30-65% lower
apparent stiffness moduli than when saturated with He or Ar, showing that CO 2 adsorption
altered the mechanical response of pre-pressed smectites. Relative to the He and Ar tests,
swelling strains of a few % (corrected for poro-elastic effects) were measured for AD NaSWy-1 smectite exposed to wet CO2, decreasing from 4.9% to 3.8% with increasing effective
axial stresses in the range 1.6 –36.2 MPa. AD SAz-1 material exhibited similar tends. VD
samples tested with dry CO2 showed much smaller relative swelling strains (0.5–1.5%), which
also decreased with increasing applied effective stresses. The experimental data on relative
swelling strain versus effective are well fitted by a recent thermodynamic model for stressstrain-sorption behaviour in coal. The model provides a first way of modelling stress-strainsorption effects in smectite rich caprocks, and of modelling permeability changes due to
penetration by CO2, though further refinements of this model are needed for broader
application to the smectite-CO2-H2O system.
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Geological storage of CO2 by injection into depleted hydrocarbon reservoirs and saline
aquifers, as well as enhanced oil and gas recovery operations combined with CO 2 storage, are
all under consideration for reducing anthropogenic greenhouse gas emissions into the
atmosphere (Alvarado and Manrique, 2010; Holloway, 1997; Paneri and Jana, 2017). Safe,
long-term storage of CO2 via these routes depends on the sealing capacity of the storage
system, i.e. on good caprock integrity (Kaldi et al., 2013; Gaus, 2010). Since smectite clays
are a significant component (3–20 wt%) of many clay-rich caprocks and faults (Espinoza and
Santamarina, 2017; Chadwick et al., 2004; Nooraiepour et al., 2017), the swelling-shrinkage
behavior exhibited by smectites, due to intercalation of supercritical (Sc) CO 2 and H2O in
their interlayer structure, has been investigated vigorously in the past few years (Cygan et al.,
2012; Loring et al., 2012; Rother et al., 2013; Schaef et al., 2015; Giesting et al., 2012b;
Giesting et al., 2012a). The aim of such studies has been to determine whether CO2-induced
swelling-shrinkage effects are large enough to significantly impact the geo-mechanical and
transport properties of smectite-bearing caprocks and crosscutting faults and fractures.
Montmorillonite is the most common group of smectite clays in caprocks.
Montmorillonites consist of stacked aluminosilicate layers, each consisting of one
octahedrally-coordinated Al-O sheet (O-sheet) sandwiched by two tetrahedrally-coordinated
Si-O sheets (T-sheets). Isomorphous substitutions of lower valency cations for Al and Si mean
that the T-O-T layers carry a charge deficiency. This is balanced by intercalation of cations
(e.g. Na+, Ca2+) between the T-O-T layers. Hydration of these cations by uptake of 0, 1, 2 or
3 layers of water molecules into the T-O-T interlayer region, causes the (001) interlayer
spacing (d001) to increase by an amount equal to the thickness of water layers intercalated (i.e.
by 2.5–3Å per layer). The corresponding hydration states are referred to as the 0, 1, 2 and 3W
states. The magnitude of the associated swelling effect depends on the properties of the
interlayer cation, the T-O-T layer charge density, temperature, relative humidity and other
factors.
Swelling due to water (vapor) uptake into the interlayer structure of montmorillonite
and other smectites is a well-known problem in soil mechanics and has been studied
extensively through experiments (Moore and Hower, 1986; Ferrage et al., 2007a, b; Ferrage
et al., 2005; Ferrage et al., 2007c; Michot et al., 2016) and molecular dynamic simulations,
(Cygan et al., 2015; Greathouse et al., 2015; Suter et al., 2012). Intercalation of CO2 plus
associated interlayer swelling is a more recent finding, first proved by Loring et al. (2012)
using spectroscopic methods. Subsequently, much work has been done on the topic, revealing
the following key points.
First, dry (pure) (Sc)CO2 can cause either expansion or contraction of the interlayer
spacing of the smectite crystallites, depending primarily on the initial hydration state of the
smectite, the types of interlayer cations present, and the TOT layer charge (Giesting et al.,
2012a; Giesting et al., 2012b; Loring et al., 2012; Loring et al., 2011; Rother et al., 2013; Ilton
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et al., 2012). Expansion is due to CO2 uptake in the interlayer, whereas contraction is due to
interlayer water loss driven by dissolution in the external CO 2 environment. As an example,
when exposed to ScCO2 at 9 MPa pressure and 40–50°C, Na-montmorillonite, with an initial
d001 spacing of 11.0Å and corresponding to sub 1W hydration state, exhibits CO 2 uptake
alongside an increase in interlayer spacing toward that of the completely monohydrated state
(1W, 12.3Å). This causes swelling strains up to 12% (Rother et al., 2013). By contrast, Camontmorillonite with an initial hydration state of 1W<H<2W (d 001=14.4Å) shows contraction
of the interlayer to 12.4Å (-14% strain) when exposed to pure ScCO2, due to interlayer water
loss (Schaef et al., 2012).
Second, smectite swelling/shrinkage caused by exposure to mixed (Sc)CO 2 and water
vapor are determined by repartitioning of CO 2 and water in the interlayer. This in turn depends
on the composition of the mixture (partial pressures of CO 2 and H2O) and on the initial
hydration state of the clay. Available data on this repartitioning of CO 2/H2O in the interlayer
gallery suggest that intercalation of H2O and CO2 is competitive in montmorillonite, with H2O
uptake being preferable (Schaef et al., 2015; Loring et al., 2014).
Third, besides interlayer intercalation, H2O and CO2 uptake also occurs via sorption at
sites located on the external surfaces of the clay platelets, including inter-particle pore surfaces
and crystallites edges, causing a swelling effect as well (Loring et al., 2014; Zhang et al.,
2018; Prost et al., 1998). In the present paper, CO2 uptake both into the smectite interlayer
and onto the external smectite grain surfaces, will be referred to as sorption or adsorption.
Against this background, CO2/H2O-related swelling and/or shrinkage of smectite clays
can be expected to lead to substantial changes in stress-strain state and hence transport
properties of smectite-bearing caprock and faults under subsurface CO 2 storage conditions
(Rother et al., 2013; Song and Zhang, 2013). Zhang et al. (2018) experimentally measured the
swelling stresses exerted by volumetrically confined Na-SWy-1 and Ca-SAz-1
montmorillonite aggregates upon exposure to ScCO 2 under P-T conditions relevant to CO2
storage, finding values of 5 to 11 MPa, when swelling strains were limited to 1–3%. The
measured swelling stresses also showed an inverse dependence on the initial effective stress
applied to the clay samples, demonstrating coupled stress-strain-sorption characteristics,
similar to those reported for coal exposed to CH 4 and CO2 (e.g. Hol et al., 2012; Liu et al.,
2016b). Zhang et al. (2018 ) went on to measure the permeability of laterally confined
Opalinus Claystone cores (~5% smectite) and simulated smectite fault gouge (all initially airequilibrated), to dry and wet CO2 and to He, at a mean pressure of 10MPa. Self-sealing (i.e.
permeability reduction) was observed in all samples tested with CO2 versus He. Moreover,
alternating flow of wet then dry CO2 through the simulated fault gouge correspondingly
decreased and increased sample permeability. The observed effects were attributed to clay
swelling and shrinkage and clearly depended on initial smectite hydration state and the water
content of the injected CO2. However, the magnitude and impact of these coupled stressstrain-sorption phenomena on clay-rich caprock integrity and storage capacity, under the
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subsurface hydration states, CO2 pressures and effective stress conditions associated with CO2
storage, remain unclear.

5.2 Experimental methods
The experiments consisted of 1-D oedometer tests aimed at measuring the volumetric
response (i.e. change in thickness) of pre-pressed smectite discs, exposed to CO2 at a pressure
of 10MPa at 40C, to incremental cycling of the applied axial effective stress (Terzaghi) under
varying hydration conditions. Multiple experiments were performed on one Namontmorillonite and one Ca-montmorillonite sample, employing repeated loading cycles. The
samples were tested first in an air-dry (AD) hydration state (pre-equilibrated with heated lab
air having relative humidity RH≈20% at 40°C) and then vacuum dry (VD). Control
experiments were performed on both samples in the AD and VD conditions, employing inert
gas (He and/or Ar) at 10MPa in place of CO2. This was done to discriminate purely
mechanical effects of effective stress (e.g. poroelastic volume change) from effects related to
sorption and desorption of CO2 and/or H2O. In all tests performed on AD samples, waterbearing (“wet”) pore fluids (with RH≈20%) were employed to buffer the initial AD hydration
state, while tests on VD samples employed pure (dry) pore fluids.

5.2.1 Materials
5.2.1.1 Raw clays and pore fluids
The raw clays used were naturally occurring Na-SWy-1 and Ca-SAz-1 montmorillonite
obtained from the Source Clay Repository of the Clay Mineral Society. The Na-SWy-1 is a
Na-rich Wyoming type (SWy-1) low charge montmorillonite (CEC = 80 cmolc kg−1) with
solid substitutions occurring in both the tetra- and octahedral sheets (Jaynes and Bigham,
1986). The Ca-SAz-1 material is a high charge (CEC = 120 cmolc kg−1) (Borden and Giese,
2001) Arizona type with solid substitutions occurring solely in the tetrahedral sheet. The
interlayer cations present in this montmorillonite are mainly calcium, with smaller amounts
of potassium and sodium. Both types of clay were used as-received, without any chemical
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In the present paper, we aim to achieve a better understanding of the effect of applied
(Terzaghi) effective stress on the strain response of smectites subject to interactions with CO2
and H2O. To this end, we performed oedometer–type, cyclic loading and unloading
experiments on pre-compressed, ~1mm-thick discs, prepared from Na-SWy-1 and Ca-SAz-1
montmorillonite, injecting CO2, Ar and/or He as pore fluid. We focus on how the strain
response of the smectite to loading is changed due to sorptive interactions of smectite with
CO2 and H2O versus the inert gases. In addition, we compare the experimental data with a
thermodynamic model developed for stress-strain-sorption phenomena in coal (Hol et al.,
2012; Liu et al., 2016b; Liu et al., 2016a), showing that such models can at least qualitatively
explain the behaviour seen. We go on to consider the implications for both the CO 2 storage
capacity and sealing integrity of clay-rich formations.
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pre-treatment or grain size fractionation. Baseline studies of both montmorillonites can be
found in previous literature (Mermut and Lagaly, 2001; Madejova and Komadel, 2001;
Chipera and Bish, 2001). The pore fluids used here were respectively CO2, He and Ar, with a
purity >99.99% supplied in cylinder form by Air Products NL. “Wet” pore fluids with a water
content equivalent to the lab air humidity of ~20% (at 40°C) were prepared by introducing a
controlled amount of water vapor into the pore fluid system using a multistep MgNO 3 salt
buffer method described in Appendix 1.

5.2.1.2 Sample preparation
The experiments were performed on one disc-shaped sample derived from the SWy-1
montmorillonite and one derived from the SAz-1 montmorillonite. The samples were preformed in a stainless steel die with the same inner diameter (19.15mm) as the 1-D compaction
vessel subsequently used in the experiments. For the sample pre-forming, ~0.6 gram of sample
powder (0.55 and 0.608 gram respectively for SAz-1 and SWy-1), which had been pre-dried
in lab air at 40C, was distributed evenly in the die and lightly compressed between an upper
and a lower stainless steel piston by hand. The sample was subsequently compressed at an
axial stress of 10MPa for ~3min using a hydraulic press, to obtain a flat, disc-shaped sample
of ~1.1mm thickness, which was then transferred to the main experimental apparatus.

5.2.2 Experimental set-up
The experimental setup (Fig.1) consists of a uniaxial, oedometer-type (i.e. one
dimensional) compaction vessel, constructed of Remanit 4122 stainless steel, mounted in an
Instron 8562 servo-controlled loading frame to apply axial load (Fig. 1a, c.f. Zhang et al.,
submitted). The pre-formed sample was axially loaded, within the Remanit vessel, via two
Remanit pistons (diameter 19 mm) sealed against the Remanit compaction vessel using Viton
O-rings. Applied axial load was measured external to the compaction vessel using a 100 kN
capacity Instron load cell, which allows load measurement and control to within ±2.3 N.
Instron ram displacement was measured with an internally mounted linear variable differential
transformer (LVDT). Axial displacement of the upper piston relative to the Remanit vessel
top (i.e. axial sample deformation) was measured using a high precision external LVDT
(measurement range ±1mm, accuracy better than ±0.1 μm). This allowed changes in sample
thickness to be measured accurately at any instant, by correcting for piston distortion.
The pore fluid system (Fig. 1c) consisted of an ISCO 65D, servo-controlled syringe
pump employed to introduce pressurized fluid (e.g. CO2) into the sample through an inlet in
the upper Remanit piston. The fluid pressure was measured and controlled using a Honeywell
TJE pressure transducer (range 0-137.90 MPa, absolute accuracy ± 0.6895 MPa), located at
the top of the ISCO pump cylinder. For better measurement accuracy, a more sensitive MSI
0–35 MPa (± 0.035 MPa) pressure transducer was installed at the fluid inlet in the upper
piston. Fluid pressure at the bottom of the sample was limited using an Equilibar back pressure
regulator connected to a pore fluid port in the lower piston. Note that the pore fluid entered
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The temperature of the compaction vessel and sample were controlled at 40 ̊C (±0.1 ̊C)
by means of an external heater mounted around the Remanit compaction vessel. This was
regulated by means of a Eurotherm temperature controller, connected to a type K
thermocouple located in the external furnace windings. Sample temperature was measured
using a second type K thermocouple placed in a small recess in the compaction pressure vessel
at a distance of a few mm from the sample. The experimental set-up, excluding the ISCO
syringe pump, was enclosed in a 1.5 m3 foam-polystyrene box (wall thickness~50mm). The
air temperature inside the box was controlled within ±0.2°C at 40°C, using a lamp (500 watt)
regulated by a Pt-100 element plus a CAL 9900 PID-controller, with a fan circulating the air
to guarantee homogeneity of temperature (c.f. Hol and Spiers, 2012). The ISCO pump and
the pipelines of the pore fluid system were heated at 40°C using purpose-built heating jackets.
The output signals of all transducers and sensors were recorded using a National
Instruments, 16-channel DAOPad-6015 A/D convertor and VI-logger data acquisition system,
using a sampling rate of 0.2Hz. Signals recorded included those obtained from the external
LVDT (mm), the Instron load (kN) and internal LVDT position (mm), the pressure (MPa)
measured by the MSI pressure transducer at the upper pore fluid inlet, and ISCO output
pressure and volume signals, as well as the thermocouple signals representing the temperature
(°C) of the sample and the air in the polystyrene box.
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and exited the sample via bar-shaped, porous stainless steel plates located at diametrically
opposite sides of the sample, above and below it (see Fig. 1a,b). The porous plates penetrated
0.3mm into the sample surface and were employed in this configuration to achieve horizontal
fluid flow through the sample, when fluid pressure applied by the ISCO pump was set higher
than the set-point of the back pressure regulator.
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Figure 1. Schematic illustration of the experimental set-up. a) The uniaxial compaction vessel
located in the Instron loading frame. b) Schematic illustration of the piston ends, in contact
with the upper and lower sample surfaces. Note that the porous stainless steel plates (PP)
were located on opposite side of the sample, and penetrated ~0.3mm into the sample (refer to
a). c) Pore fluids system consisting of an ISCO 65D syringe pump and gas supply cylinder

5.2.3 Experimental procedure
The following multistage testing procedure was applied to each of the two samples
investigated (Na-SWy-1 and Ca-SAz-1, see Table 1).

5.2.3.1 Stage 1: Pre-compaction and cyclic loading with pore fluid inlets open to
lab air (AD condition)
After pre-forming, the sample disc was carefully removed from the die and located in
the compaction vessel. The apparatus was subsequently heated to the target experimental
temperature (40C) and the sample was pre-compacted under an axial (effective) stress of
70MPa, with the sample exposed to lab air humidity by keeping the fluid inlet port in the top
piston open to the heated lab air ( RH≈23%, T=40°C). Pre-compaction was continued for 50
hours, i.e. until ~5 hours after the external LVDT position had reached a stable asymptotic
value. The aim of pre-compaction was to minimize irreversible sample deformation in the
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Following pre-compaction, the axial stress was adjusted to a lower value, equal to the
starting effective stress for subsequent Stage 1 cycling experiments, i.e. 2.5 MPa for the NaSWy-1 sample and to 0.5MPa for the Ca-SAz-1 sample. Minor time dependent expansion of
the samples was observed after lowering the axial stress, presumably due to relaxation of
residual elastic stress by reverse creep processes and/or stress-dependent changes in hydration
state. To further minimize permanent deformation effects during subsequent testing, a series
of 2-3 continuous loading and unloading cycles was conducted in the range of 0.5 or 2.5 to
70 MPa. A similar number of rapid loading and unloading cycles was then applied between
the minimum and maximum effective stresses employed in the subsequent Stage 2 and Stage
3 tests. This was done to determine the time-independent elastic response of the samples under
Stage 2 and 3 conditions and was conducted in either continuous or stepwise (step interval=46MPa) loading mode at an active loading rate of ~0.1–0.3 MPa/s. Each loading and unloading
cycle was finished within 30 minutes, and indeed exhibited more or less fully recoverable
elastic behaviour.

5.2.3.2 Stage 2: Load cycling applied to AD samples exposed to wet CO2, He and
Ar
After completion of Stage 1 load cycling on samples pre-equilibrated with lab air
humidity, the axial load was adjusted to ~60MPa, and the Instron switched from load to
displacement control mode, such that the piston position was fixed. The set-point value of the
back pressure regulator was subsequently adjusted to ~10.05MPa. The compaction vessel plus
the sample and pore fluid system was then briefly evacuated and pore fluid (CO2, He, or Ar,
all with controlled moisture content equivalent to RH≈20% at 40°C) was introduced into the
sample from the ISCO pump via the inlet in the upper piston (Fig. 1, see also Appendix 1).
The ISCO pump was operated in constant pressure mode, with a set-point of 10MPa. When
the pore fluid pressure stabilized at 10MPa, with little/no further volume change recorded by
the ISCO pump, the Instron load was adjusted to the chosen starting axial effective stress (σ e0)
for initiating stress cycling. Thereafter, the Instron was operated in load control mode.
After the sample reached apparent equilibrium, i.e. when no further change in external
LVDT signal was seen for a period of ~3 hours, the axial effective stress was cycled in steps
of ~5–9 MPa, allowing apparent equilibrium to be re-established after each step and
continuously monitoring the (time-dependent) sample deformation response. Cycling was
performed in both up/down and down/up modes, depending on the value of σ e0 (low versus
high, see Table 1). Return cycles were sometimes performed in a single step at fixed rate
(~0.3MP/s) (see Table 1 for stress path employed).
Following load cycling with a given pore fluid, the pore fluid system was briefly
evacuated and refilled by flushing the system and sample with the next pore fluid. The above
initialization and stepwise loading/unloading procedure was then repeated using the new pore
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subsequent load-cycling tests at lower (effective) stress, and to allow the sample to approach
equilibrium with lab air humidity in the loaded state.

Chapter 5
fluid, again cycling several times. In a few cases, early pore fluids were reintroduced to
examine the effects of varying the fluid sequence. Such tests were usually conducted using a
simplified stress path, i.e. directly cycling between the maximum and minimum effective
stresses, without intermediate steps (Table 1). In addition, when cycling with a specific pore
fluid was completed using the AD Na-SWy-1 sample, rapid continuous loading and unloading
(loading rate =0.3MPa/s) was performed to assess any changes in the poroelastic behaviour
of the sample after being saturated with CO2 and He or Ar.

5.2.3.3 Stage 3: Load cycling applied to VD samples exposed to dry CO2 and He
After completion of the Stage 1 and 2 experiments on each of the initially AD samples,
the sample was evacuated in the compaction vessel at 40°C (Na-SWy-1) or 108°C (Ca-SAz1), for 60–70 hours, under an axial stress of ~40MPa. This treatment was aimed at dehydrating
the samples to the collapsed interlayer or 0W hydration state (following the findings of
Ferrage et al., 2007b). When the sample had reached apparent equilibrium under vacuum (i.e.
stopped compacting), the pore fluid system was isolated from the vacuum pump. Sample
temperature was then readjusted to 40°C and continuous rapid load cycling was applied, as in
Stage 1. Pure (dry) CO2 or pure (dry) He was then introduced at 10MPa from the ISCO pump
and the stepwise loading and unloading procedure applied in Stage 2 was repeated for the VD
samples. For the specific sequence of fluids and stress paths used, see Table 1.

5.2.4 Data processing
The thermocouple and pressure transducer signals obtained from the apparatus directly
yielded temperature and pore fluid pressure data versus time. Axial force given by the Instron
load cell was not corrected for seal friction acting on the upper piston, since calibration runs
showed this to be less than 0.4MPa. Displacement measured using the external LVDT was
corrected for machine stiffness to obtain sample length change using a pre-determined, 5th
order machine stiffness calibration characterized at true test P-T conditions using a 1 mm
thick stainless steel dummy sample. Hysteresis in the machine stiffness calibration, induced
by the effect of O-ring friction acting between the upper piston and vessel wall, caused a
maximum discrepancy in displacement between loading and unloading stiffness data of
~2µm, implying an uncertainty of <1µm in obtaining sample length changes from corrected
LVDT data.
In the present paper, compressive stress, compressive displacement and compaction
(strain) of the sample take a positive sign. Axial strain measured during continuous loading
and/or unloading was calculated using the relation ε(t) =

∆L(𝑡)
𝐿0

, where t represents time since

initiation of loading/unloading and ΔL is the length change at that time. Axial strain occurring
in response to a stepwise increment i in applied effective stress σe (i.e. from σei-1 to σei, MPa),
was calculated as ∆𝜀 𝑖 (t) =

∆𝐿𝑖 (𝑡)
𝐿0

∙ 100% , where ΔLi(t) represents sample length change

measured (relative to the equilibrium displacement attained at σei-1) at time t following
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application of the ith effective stress step. L0 is the referential sample thickness. As sample
strains were small, L0 for the VD runs was taken as the thickness measured upon VD sample
retrieval after termination of all loading cycles. L0 for AD runs was estimated by adding the
total sample shortening measured during vacuum-dry testing to the final thickness of the VD
sample measured after retrieval. The average external LVDT signal measured over the last 1–
2 hours of the ith effective stress step (i.e. the apparent equilibrium LVDT value) was used to
∆𝐿𝑖(𝑒𝑞)
𝐿0

.

Since the samples tested in the present study were laterally confined, axial strain also
represents volumetric strain of the samples. To examine the ‘equilibrium’ deformation
response of the samples throughout the full sequence of stress steps applied in the Stage 2 and
3 runs, cumulative (equilibrium) strains relative to the state pertaining at the lowest effective
stress (σel) were calculated using 𝜀 𝑖 = ∑ ∆ 𝜀 𝑖 (𝑒𝑞) .Where multiple values of equilibrium
sample strain ( 𝜀 𝑖 ) were obtained at a given effective stress due to cyclic loading and
unloading, we take the average of these values to represent 𝜀 𝑖 for that effective stress. In
addition, to quantify the mechanical response per stress step in terms of a net sample stiffness
measured over the time to reach equilibrium, we also computed the apparent tangent stiffness
𝑖
𝑖
modulus 𝐶𝑎𝑝𝑝
per step using the equation 𝐶𝑎𝑝𝑝
= (𝜎𝑒𝑖 − 𝜎𝑒𝑖−1 )⁄∆𝜀 𝑖 (𝑒𝑞) = ∆𝜎𝑒𝑖 ⁄∆𝜀 𝑖 (𝑒𝑞).

5.3 Results
A complete list of the experimental runs performed on the two samples investigated are
shown in Table 1, along with the experimental conditions and key data obtained.

5.3.1 Stage 1 data: Rapid cyclic loading & unloading of AD samples exposed to
lab air
Data illustrating the stress cycling procedure and stress-strain data obtained in the rapid
loading cycles applied to AD samples in Stage 1, i.e. to assess their time-independent elastic
behaviour prior to pore fluid addition, are shown in Fig. 2.
Figure 2a illustrates the stress path and sample thickness change data measured as a
function of time, during the loading and unloading runs on AD Na-SWy-1 sample. Note that,
on the time-scale of the Stage 1 runs, sample thickness changes (mm) and strains, were largely
instantaneous, recoverable and linear with stress, confirming essentially elastic behaviour of
the AD SWy-1 sample in Stage 1-see Figure 2b. Best fitting to the stress versus strain data
gave an apparent constrained stiffness of 2.28 GPa.
Similar stress path and sample deformation data obtained in a typical rapid cyclic
loading run on the AD SAz-1 sample and shown in Figure 2c. The corresponding sample
strain versus axial stress data is plotted in Figure 2d. Reversible, linear stress versus strain
behaviour was again seen for the AD Ca-SAz-1 sample, as for the AD Na-SWy-1 sample, but
the best-fit stiffness modulus was lower, amounting to 1.23 GPa (Figure 2d).
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calculate the corresponding sample strain at apparent equilibrium, using Δ𝜀 𝑖 (eq) =

Chapter 5

(a)

(b)

(c)

(d)

T=40°C, Pf=1 atm

T=40°C, Pf=1 atm

Figure 2. Data obtained in rapid Stage 1 stress cycling runs performed to assess the elastic
properties of the AD samples before pore fluid addition. (a) Stress path employed in a rapid
unloading/loading cycle applied to the AD Na-SWy-1 sample, plus concurrent change in
sample thickness. (b) Corresponding sample strain versus applied axial stress data for the
AD Na-SWy-1 sample. Note the largely reversible elastic behaviour and constrained stiffness
modulus of 2.28GPa. (c) Stress path and concurrent change in sample thickness for the AD
SAz-1 sample during a rapid Stage 1 unloading/loading cycle. (d) Corresponding sample
strain versus applied axial stress data for the AD Ca-SAz-1, giving a constrained stiffness
modulus of 1.51 GPa.
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Table 1. Summary of experiments, experimental conditions and key data obtained. Each series
shown represents a load cycling sequence performed with a given fluid.
σe

Pf

MPa

MPa

Equilibrium Cumulative
sample thickness compaction
change
mm
mm

Cumulative
strain

Relative
Swelling

%

mm

Relative
Swelling
strain
%

Sample 1: Na-SWy-1 material
Stage 1

Initial condition: Air-dry (AD) Estimated sample thickness=1.0mm
Rapid loading and unloading steps, following stress path 36-27-18-10-2.5-10-18-2736MPa

Stage 2

Sample condition: AD

Estimated sample thickness=1.0mm

40.63

9.97

0.00000

0.03322

3.32

-0.03317

-3.32

1.68*

9.96

-0.03322

0*

0.00

-0.05121

-5.12

10.40

9.95

-0.02768

0.00554

0.55

-0.04927

-4.93

18.95

9.98

-0.02051

0.01271

1.27

-0.04631

-4.63

27.56

9.98

-0.01319

0.02003

2.00

-0.04378

-4.38

36.17

9.98

-0.00637

0.02685

2.69

-0.03967

-3.97

36.17

9.98

-0.00637

0.02685

2.69

-0.03967

-3.97

1.63

9.99

-0.02947

0.00375

0.38

-0.04739

-4.74

36.18

9.97

-0.00570

0.02752

2.75

-0.03890

-3.89

36.18

9.97

-0.00570

0.02752

2.75

-0.03890

-3.89

Series 2 CO2

Series 3 CO2
1.68

9.96

-0.02939

0.00383

0.38

-0.04730

-4.73

10.40

9.95

-0.02285

0.01037

1.04

-0.04433

-4.43

18.95

9.98

-0.01553

0.01769

1.77

-0.04123

-4.12

27.56

9.98

-0.00859

0.02463

2.46

-0.03908

-3.91

36.17

9.98

-0.00278

0.03044

3.04

-0.03601

-3.60

36.18

9.97

-0.00494

0.02828

2.83

-0.03821

-3.82

1.64

9.98

-0.02804

0.00518

0.52

-0.04593

-4.59

Series 4 CO2

Rapid unloading and loading at the end of Series 4 - 1cycle
Series 5 Ar
36.18

9.97

0.03341

0.01644

1.64

RF

-0.00

1.66*

9.97

0.01697

0*

0.00

RF

-0.00

10.35

9.97

0.02060

0.00363

0.36

RF

-0.00
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Series 1 CO2
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18.96

9.97

0.02487

0.00790

0.79

RF

-0.00

27.58

9.97

0.02971

0.01274

1.27

RF

-0.00

36.18

9.97

0.03251

0.01554

1.55

RF

-0.00

Rapid unloading and loading at the end of Series 5 - 1 cycle
Stage 3

Sample condition: Vacuum-dry (VD), Estimated sample thickness=0.95mm

Series 1 He
42.05

10.04

0.00000

0.01027

1.08

RF

1.11*

10.03

-0.01027

0*

0

RF

7.20

10.04

-0.00851

0.00176

0.19

RF

14.30

10.06

-0.00585

0.00442

0.47

RF

28.19

10.03

-0.00285

0.00742

0.78

RF

42.08

10.05

-0.00076

0.00951

1.00

RF

41.98

10.08

-0.00456

0.02091

2.20

-0.00456

-0.48

1.11*

10.06

-0.02547

0*

0

-0.01520

-1.60

7.20

10.03

-0.02181

0.00366

0.39

-0.01330

-1.40

14.30

10.05

-0.01805

0.00742

0.78

-0.01220

-1.28

28.13

10.04

-0.01169

0.01378

1.45

-0.00884

-0.93

42.00

10.06

-0.00584

0.01963

2.07

-0.00508

-0.53

Series 2 CO2

Sample 2: SAz-1 material
Stage 1

Initial condition: AD

Estimated sample thickness=1.1mm

Rapid loading and unloading , 3 cycles in the range of 1.2-41 MPa
Stage 2

Initial condition: AD

Estimated sample thickness=1.1mm

Series 1 Ar
0.51*

9.96

-0.01762

0*

0

5.74

9.97

-0.01339

0.00423

0.38

10.93

9.97

-0.00702

0.01060

0.96

17.90

9.97

0.00087

0.01849

1.68

26.48

9.97

0.00907

0.02669

2.43

35.16

9.97

0.01642

0.03404

3.09

43.84

9.97

0.02392

0.04154

3.78

Series 2 CO2

178

43.90

9.98

0.01883

0.07251

7.25

-0.01468

-1.47

0.50*

9.97

-0.05368

0*

0

-0.05368

-5.37

5.71

9.98

-0.04524

0.00844

0.84

-0.04956

-4.96

10.92

9.98

-0.03366

0.02003

2.00

-0.04224

-4.22

17.90

9.98

-0.02011

0.03357

3.36

-0.03465

-3.46
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26.48

9.98

-0.00674

0.04694

4.69

-0.02804

-2.80

35.21

9.98

0.00487

0.05855

5.85

-0.02217

-2.22

43.90

9.98

0.01608

0.06976

6.98

-0.01620

-1.62

43.90

9.98

0.03228

0.03228

3.23

RF

0.50*

9.97

0.00000

0*

0

RF

Series 3 He-1

5.71

9.98

0.00432

0.00432

0.43

RF

10.92

9.98

0.00858

0.00858

0.86

RF

17.90

9.98

0.01454

0.01454

1.45

RF

26.48

9.98

0.02129

0.02129

2.13

RF

35.21

9.98

0.02704

0.02704

2.70

RF

43.90

9.98

0.03351

0.03351

3.35

RF

43.92

9.98

0.03212

0.03659

3.66

0.51

9.98

-0.00447

0.00000

0.00

43.92

9.98

0.03228

0.03675

3.67

43.90

9.98

0.03156

0.03168

3.17

0.51

9.98

-0.00006

0.00006

0.01

43.90

9.98

0.03131

0.03143

3.14
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Series 4 Ar-2

Series 5 He-2

Series 6 He-3
43.90

9.98

0.03131

0.03143

3.14

0.50

9.97

-0.00420

-0.00408

-0.41

43.90

9.98

0.03006

0.03018

3.02

Stage 3

Initial condition: VD

Estimated sample thickness=0.95mm

Series 1 He
1.11*

9.97

0

0*

0

RF

7.36

9.98

0.00362

0.00362

0.36

RF

24.72

9.98

0.00841

0.00841

0.84

RF

42.18

9.98

0.01139

0.01139

1.14

RF

59.44

9.98

0.01457

0.01457

1.46

RF

9.98

-0.01030

0*

0.00

-0.01030

-1.08

Series 2 CO2
1.11*

-0.00576

0.00454

0.48

-0.00938

-0.99

24.72

7.36
9.98

0.00047

0.01077

1.13

-0.00794

-0.84

42.18

9.97

0.00534

0.01564

1.65

-0.00605

-0.64

59.44

9.98

0.01053

0.02083

2.19

-0.00404

-0.43
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59.44

9.98

0.01053

0.02083

2.19

-0.00404

-0.43

42.18

9.98

24.72

9.98

0.00654
0.00237

0.01684
0.01267

1.77
1.33

-0.00485
-0.00604

-0.51
-0.64

7.36

9.98

-0.00446

0.00584

0.61

-0.00808

-0.85

1.11

9.98

-0.00850

0.00180

0.19

-0.00850

-0.89

* indicates the reference state, relative to which the cumulative sample compaction and
compaction strain were calculated. RF denotes the data (obtained with He or Ar) selected as
reference points for calculating relative sample deformation with CO2 versus with inert pore
fluid. Equilibrium LVDT data have been corrected for elastic machine deformation, hence
represent only deformation of the sample, i.e. change in sample thickness. N.B. Compressive
stress, compressive LVDT displacement sample compaction (strain) take positive sign.
Relative swelling (strain) of the sample saturated with CO2 relative to He/Ar, (i.e. increase in
sample thickness with CO2 versus He/Ar), is accordingly defined as negative.

5.3.2 Stage 2 data: Stepwise cyclic loading of AD samples saturated with “wet”
fluids
The results obtained in Stage 2 of the experiments performed on the AD Na-SWy-1 and
the AD Ca-SAz-1 samples were qualitatively closely similar. We therefore present “raw”
cycling data for the AD Ca-SAz-1 sample in Figure 3, as representative for both AD samples.
Fig. 3a plots the effective stress applied to the sample versus time elapsed throughout the
stepwise loading runs performed on the AD Ca-SAz-1 sample using wet Ar, wet CO2 and wet
He pore fluid at 10MPa. Sample thickness change relative to the starting point of the Stage 2
experimental series is presented in Fig. 3b. This plot shows that the sample expanded when
wet Ar is displaced by wet CO2. Compaction then occurs upon displacement of wet CO2 by
wet He, but no axial dimensional change occurs when the wet He is replaced by wet Ar. These
data clearly show that swelling/shrinkage of the AD Ca-SAz-1 sample is induced by
interaction with CO2. In addition, Figure 3b shows that all up/down steps in applied effective
stress are accompanied by an instantaneous compaction/expansion response of sample AD
SAz-1, followed by time-dependent compaction/expansion until a steady asymptotic
(equilibrium) strain is achieved. This behaviour is seen regardless of fluid type, through the
magnitude of the instantaneous and time-dependent response is greater for cycling performed
with wet CO2, than using wet Ar and He (which showed similar responses per step). Figures
3b&c also show that the equilibration time for time-dependent compaction increases with
increasing applied effective stress, again for all fluids used. Note that both trends, i.e. an
increased strain response in the presence of wet CO 2, and an increase in equilibration time
with increasing effective stress for all pore fluids, were seen not only for the AD Ca-SAz-1
sample but also for the AD Na-SWy-1 sample.
A final observation for the Stage 2 runs on both the AD Ca-SAz-1 and AD Na-SWy-1
samples is that the total strain response of the samples to load cycling (i.e. the combined timedependent and time-independent response) was close to reversible (Figure 3b,c). Hysteresis
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that was observed was minor and of similar magnitude to the hysteresis (~2 µm) induced by
seal friction and seen in Stage 1 cycling.

(a)

Chapter 5

(b)

(c)

Figure 3. Stress cycling and associated sample thickness change and strain data collected
from the Stage 2 runs performed on the AD Ca-SAz-1 sample using “wet” CO2, Ar and He
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pore fluids. Similar data was obtained for the AD SWy-1 sample tested with wet He and CO2.
a) Stress path employed in Stage 2 tests on AD SAz-1 sample, sequentially charged with “wet”
Ar, CO2, He, Ar and He at a pressure of 10MPa. (b). Sample thickness change (relative to the
starting point of the cycling series) as a function of experimental time. (c) Enlargement from
b: Sample thickness change and strain response to stress cycling in the presence of wet CO2.
The moments at which the pore fluid composition was switched are indicated with vertical
bars/arrows.
We turn now to the data obtained in the rapid load cycling runs performed on the NaSWy-1 samples only in the final stages of the Stage 2 tests on this material. Typical data
obtained for the Na-SWy-1 sample charged with wet Ar and wet CO2 are presented in Figures
4a&b. Both stress-strain curves indicate largely reversible mechanical behaviour, with best
linear fits giving similar values of apparent stiffness modulus for the Ar and CO 2 runs of 2.65
GPa and 2.44GPa respectively.
(a)

(b)

ggs fs ff

Figure 4. Effective stress versus sample strain measured in the rapid stress cycling runs
performed on the AD SWy-1 sample at the end of Stage 2 experimentation. (a) Stress-strain
data obtained in cycle performed using wet Ar. Best linear fit shows a constrained axial
stiffness modulus of 2.65 GPa (b) Stress-strain data obtained in cycle performed using wet
CO2. Best linear fit shows a constrained axial stiffness modulus of 2.44GPa.

5.3.3 Stage 3 data: Stepwise cyclic loading of VD samples saturated with pure
(dry) He and pure (dry) CO2
Representative data obtained from the Stage 3 cyclic loading and unloading steps
applied to both samples in the VD state shown in Figure 5 (see also Table 1). Figure 5a shows
the history of pore fluid charging and stress stepping applied to the VD Ca-SAz-1 sample,
while Figure 5b shows the corresponding changes in sample thickness as a function of elapsed
experimental time. The Na-SWy-1 sample showed qualitatively very similar behaviour. Both
exhibited a largely reversible and reproducible strain response to stress cycling when saturated
with either dry He or dry CO 2 (see Figure 5b). In addition, the samples expanded by a small
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amount (~10µm for the Ca-SAz-1 sample) when the pore fluid was switched from dry He to
dry CO2 at a reference effective stress of ~1.1MPa and standard pore pressure of 10 MPa.
These trends are typical for both samples tested in Stage 3 (VD) and are similar to those
observed for AD samples (Stage 2). However, in contrast to the AD samples tested in Stage
2 employing wet pore fluids, the VD samples saturated with dry CO2 or dry He (Stage 3) show
only very minor time-dependent compaction in response to changes in effective stress (c.f.
Figure 5b versus Figure 3b).

Figure 5. Representative data obtained in Stage 3 experiments performed on VD samples
using pure (dry) He and CO2 (illustrated here for the VD Ca-SAz-1 sample). a) Stress path
employed in runs on VD sample SAz-1, sequentially charged with dry He and dry CO2 at a
pressure of 10MPa. (b). Corresponding sample thickness change versus experimental time.
All data measured relative to the starting state in the Stage 3 experimental series.

5.3.4 Equilibrium thickness changes versus applied effective stress in Stage 2
and 3 runs
Both smectite samples showed time-dependent strain development towards
equilibration, following the stress steps applied in the Stage 2 stress cycling runs (AD samples
plus wet fluid) and in the Stage 3 runs (VD samples, dry fluid). The stable equilibrium value
in sample thickness change attained after each stress step, are listed in Table 1 and plotted as
a function of effective stress in Figure 6 - for both samples and for the Stage 2 and 3 runs.
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These data show that equilibrium deformation of both samples was largely recoverable with
only minor permanent strain accumulating during load cycling. This is evidenced by 1) the
closely similar stress-displacement curves obtained in repeated loading runs performed on the
same sample using the same pore fluid, regardless of pore fluid sequence (see Figure 6a, wet
Ar_1 versus wet Ar_4), and 2) the minor hysteresis in sample thickness change observed in
loading and unloading cycles performed with a given sample and fluid (e.g. Figure 6a-d). In
addition, all experiments performed with CO2, dry or wet, yield lower values of equilibrium
sample compaction than He and Ar under otherwise identical conditions (Figure 6a-d). This
is observed at all stresses applied, and can alternatively be expressed as a relative expansion
or swelling with respect to equivalent runs saturated with He or Ar. Notably, all data (Figure
6) show a decrease in magnitude of this relative swelling with increasing effective stress.
(a)

(b)

(c)

(d)

Figure 6. Equilibrium sample thickness change (hence strain) versus effective stress data
obtained in the Stage 2 and Stage 3 stress cycling experiments. Note that Stage 2 experiments
were conducted on AD samples saturated with wet pore fluids, while Stage 3 runs were
conducted on VD samples saturated with dry pore fluids. (a) Stage 2 data for the initially AD
Ca-SAz-1 sample. (b) Stage 3 data for the VD SAz-1 sample. (c) Stage 2 data for the initially
AD Na-SWy-1 sample. (d) Stage 3 data for the VD Na-SWy-1 sample.
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The cumulative equilibrium strains ( 𝜀𝑖 ) calculated from the equilibrium sample
thickness changes represented per stress step in Figure 6 are plotted against the applied
effective stress in Figures 7a–d, for both the SWy-1 and SAz-1 samples tested in Stage 2 (AD
using wet pore fluid) and Stage 3 (VD using dry pore fluid). Recall from Section 4.2.4 that
cumulative strain is defined as the total strain accrued by the samples during loading, relative
to the thickness attained at the lowest effective stress applied in the first loading series
conducted with a given fluid (Table 1). From Figure 7, it is evident that all samples saturated
with CO2 exhibited significantly different cumulative equilibrium strain versus stress
behaviour compared with samples saturated with Ar and He, in Stages 2(wet fluids) and 3
(dry fluids). By contrast, the cumulative equilibrium strain-stress curves obtained for samples
charged with He and Ar do not differ much (Figure 7a). Clearly, samples exposed to CO2
generally showed more compressive deformation than those exposed to He or Ar (Figure 7)
at a given stress. Note also that, the initially air-dry samples (AD SWy-1 and AD SAz-1)
tested with wet pore fluids (Stage 2) exhibited more or less linear stress-strain behaviour
(Figure 7a,c). This linear behaviour at equilibrium is characterized by low “stiffness” values
obtained using wet CO2 versus high “stiffness” values obtained using He or Ar (see Figure
7a,c plus Table 2). By contrast, the VD samples showed nonlinear behaviour (Figure 7b,d),
characterized by equilibrium “stiffness” values that increase with increasing axial effective
stress. These dry Stage 3 stiffness values at 2 to 5 times higher than obtained in the wet Stage
2 tests for each gas used, and again show substantially lower values in CO 2 runs than in runs
with inert gas (He) – see Figure 7b,d and Table 2.
(a)

(b)
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5.3.5 Cumulative equilibrium strain versus applied effective stress data (Stage
2 and 3 runs)

Chapter 5
(c)

(d)

Figure 7. Cumulative compressive sample strains, measured at equilibrium per stress step,
plotted against applied effective stresses, for the Stage 2 and 3 stress cycling experiments
performed on both the SAz-1 and SWy-1 samples. Cumulative sample strains are calculated
relative to sample thickness at the lowest effective stress applied, i.e. lowest effective stress in
each plot. Values of cumulative strain measured at the same effective stress but in different
loading cycles were averaged and only the mean value was plotted for a given stress. The
apparent stiffness values (GPa) shown per stress interval are tangent moduli ( 𝐶𝑎𝑝𝑝 =
∆𝜎𝑒 /∆𝜀) derived from equilibrium strain-stress data obtained over the corresponding
interval.
Table 2. Apparent stiffness data for samples tested in Stages 2 and 3. The “stiffness” values
(Capp) given here represent apparent stiffness (∆𝜎𝑒 /∆𝜀) derived from equilibrium strain-stress
data obtained over the corresponding effective stress interval.
Sample

Range of
σe

Capp
(He)

Capp
(CO2)

MPa

GPa

GPa

C(CO2):
C(He)

Sample

Range of
σe

Capp
(He)

Capp
(CO2)

MPa

GPa

GPa

C(CO2):
C(He)

Stage 2 AD samples saturated with wet pore fluids (RH≈20%)
AD SAz-1

VD SAz-1
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0.5-43f

1.33

0.61

0.45

1.7-36.2f

0.5-5.7

1.21

0.62

2.1*

1.23

0.59

0.51

1.7–10.4

2.4*

1.57

0.66

AD SWy-1

5.7-10.9

1.22

0.45

0.37

10.4–19

2.02*

1.19

0.59

10.9-17.9

1.17

0.51

0.44

19–27.6

1.78*

1.18

0.66

17.9-26.5

1.27

0.64

0.51

27.6–36.2

3.07*

1.26

0.41

26.5-35.2

1.52

0.75

0.50

35.2-43.9

1.34

0.77

0.58

1.1-59.4f
1.1-7.4
7.4-24.7
24.7-42.2
42.2-59.4

Stage 3 VD samples saturated with dry pore fluids
2.88
4.21
0.68 VD SWy-1
1.1-42.0f
1.73
1.39
0.80
1.1-7.2
3.62
2.53
0.70
7.2-14.3
5.87
3.70
0.63
14.3-28.1
5.41
3.63
0.67
28.1-42

2.97
3.23
2.54
4.40
6.31

1.69
2.37
3.37
2.37
3.37

0.49
0.48
0.71
0.47
0.36
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* denotes the apparent stiffness values calculated from stress versus strain data obtained in
an Ar test, due to a lack of data using He. f represents the full range of effective stress explored
for each sample, so that the stiffness values in the corresponding row represent linear best fit
values for this full range.

The rapid load cycling data obtained here for the AD SWy-1 and SAz-1 samples before
pore fluid addition (Stage 1), and in the presence of wet Ar and CO 2 at 10 MPa (AD sample
SWy-1, end Stage 2), demonstrated reversible near-linear stress-strain behaviour, implying a
constrained elastic stiffness of the samples of ~2.1±0.5GPa. This range narrowed to 2.44 to
2.65 GPa for the AD SWy-1 sample exposed to wet CO2 and wet Ar respectively, pointing to
little effect of CO2 versus inert gas on elastic behaviour obtained in rapid loading. By contrast,
our stepwise loading and unloading experiments performed on the AD Ca-SAz-1 and NaSWy-1 montmorillonite discs using wet gases (Stage 2), and on the vacuum-dried samples
using dry gases (Stage 3), showed that CO2 enhanced compressive strains and reduced sample
stiffness in comparison with He and/or Ar, in the wet and dry equilibrium states. In this
section, we analyze and discuss the effect of CO2 versus He and Ar on the mechanical
response and stepwise equilibration behaviour of our pressed smectites discs. We go on to
compare our equilibrium stress-strain data with the thermodynamic model for stress-strainsorption processes developed by Hol et al. (2012) and Liu et al. (2016b). Finally, the
implications of our findings for geological storage of CO2 are considered.

5.4.1 Effect of CO2 versus He and Ar on mechanical behaviour of the SWy-1
and SAz-1 samples
The present stepwise stress cycling data obtained using wet pore fluids (AD SWy-1 and
SAz-1, Stage 2) and dry pore fluids (VD SWy-1 and SAz-1 samples, Stage 3) show that all
samples exposed to CO2 attained larger equilibrium strains than those exposed to Ar and He,
following any increment in effective stress (Figure 7). The apparent equilibrium stiffness for
samples saturated with CO2 versus He and Ar was accordingly 20-65% lower (see Table 2,
Figure 7).
These effects of CO2 in the wet and dry states, mean that CO2 somehow caused excess
compression (lower stiffness) relative to tests employing He or Ar. A possible role of
changing hydration state on basal spacing (Loring et al., 2013; Schaef et al., 2012; Romanov,
2013) due to pore fluid switching, can be excluded by the fact that all pore fluids employed
in the Stage 2 tests on initially AD samples contained similar water content (i.e. RH or
activity), while the Stage 3 runs on VD samples used fully dry fluids. Other mechanisms
potentially contributing to the axial strain response to effective stress steps include: (1)
Permanent deformation associated with clay plate plasticity or kinking, crystallite cleavage or
platelet rearrangement and alignment; (2) poroelastic strain (εel); and (3) time-dependent
reversible deformation (εtd) due to reversible CO2 (and possibly H2O) expulsion from sorption
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5.4 Discussion
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sites in the interlayer structure, from surface sorption sites or from intergranular pores as the
aggregate deforms poroelastically. Each of these is considered below.
First, permanent deformation effects caused by CO2 can be ruled out because all
stepwise loading and unloading experiments demonstrated almost completely recoverable
behaviour, with little hysteresis in sample thickness change using CO2, He or Ar as pore fluid,
wet or dry (see Figure 6). The small permanent strains and minor hysteresis effects that are
seen are too small to explain the much larger sample thickness changes and cumulative
compressive strains visible in experiments employing CO2 as opposed to He or Ar (Figures
6&7). Taking into account that ~2 µm of this is related to seal friction, permanent strains can
only account for sample strains <0.3%. These values are well below the total strains measured
for samples tested with CO2 and the amount of hysteresis in sample thickness changes appears
no change with different pore fluid phases.
(a)

(b)

ggs fs ff

Figure 8. Cumulative instantaneous strain developed in the AD SAz-1 sample during Stage 2
stress stepping using a) wet He and b) wet CO2 as pore fluid. Best linear fits yield similar
values of axial stiffness for both fluids used.
Second, we examine the possibility of CO2-induced reduction in elastic stiffness. This
has been considered previously as a possible interpretation for lowering of the apparent
uniaxial stiffness modulus of coal seen upon CO2 or CH4 sorption (Viete and Ranjith, 2006;
Liu et al., 2014). However, this mechanism is not supported by the results of the fast load
cycling runs performed on the SWy-1 sample at the end of Stage 2 testing (see Fig 4), which
yielded almost same values of axial stiffness for Ar and CO 2 tests, specifically 2.65GPa and
2.44 GPa. To further examine if CO2 caused any change in time-independent sample response,
we extracted the instantaneous strains (see Figure 2) developed, per stress increment applied,
in the Stage 2 tests performed on the AD Ca-SAz-1 sample using wet He and wet CO2 as pore
fluid. These stress-strain data are plotted in Figure 8. Though more bi-linear than linear
(perhaps due to difficulty in identifying truly instantaneous strain), linear best fitting showed
no significant difference between He runs and CO2 runs (~2 GPa versus 1.8GPa – see Figure
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8). On this basis, we infer that the CO2- induced decrease in apparent stiffness modulus seen
in our (slow) incremental loading tests is not achieved through lowering of the samples’ elastic
modulus.

Against this background, and given the reversibility (and variable degree of timedependence) of deformation seen in our stress increment/decrement tests employing wet and
dry gases (Stages 2 and 3), it seems likely that the relevant mechanism for the increased
equilibrium strain response of samples tested with CO 2, as opposed to He or Ar (Figures 6,7),
is one of stress-driven desorption of CO2 molecules (or H2O molecules or both). Alternatively
stated, we infer that increasing compressive effective stress leads to desorption of CO 2 (and/or
H2O) molecules that were previously adsorbed and at equilibrium in the montmorillonite
interlayer or surface sorption sites. Such behaviour is closely similar to the stress-driven
desorption of CH4 and CO2 observed in coal exposed to these fluids/gases at fixed fluid
pressure, and to the predictions of thermodynamic models for the effects of stress on sorption
(Hol et al., 2011; Liu et al., 2016a; Espinoza et al., 2016; Hol et al., 2013; Brochard et al.,
2012).
The strongly time-dependent deformation seen following stress steps imposed in all
(wet) Stage 2 runs on both Na-SWy-1 and Ca-Saz-1 samples (Figure 3), in particular the wet
CO2 runs, is similarly inferred to represent the approach to a new equilibrium state between
clay, H2O and CO2 (or He/Ar). The much smaller degree of time-dependent deformation seen
in the dry Stage 3 tests (Figure 5) may reflect a correspondingly smaller equilibration effect.
Possible reasons for the observed time dependence, assuming zero interaction between our
smectite samples and inert He and Ar (following Busch and Gensterblum, 2011), include a
time-dependent release of CO2 and/or H2O from the sample due to reversible stress-induced
desorption. However, since rates of CO2 and H2O sorption/desorption by montmorillonite are
known to be rapid (Giesting et al., 2012b; Giesting et al., 2012a; de Jong et al., 2014; Ferrage
et al., 2007a) and generally limited by transport of CO 2 and H2O into or out of the sample
(depending on sample size), we suggest that the time-dependent effects seen in our samples
were likely controlled by their permeability to CO2, H2O, He, Ar or notably to mixed CO2 and
H2O.
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Rather, our results from the slow stepwise (equilibrated) load cycling runs, versus the
fast loading experiments, imply that the reduction of apparent sample stiffness in the slow
stepwise runs with CO2 likely involves a mechanism featuring reversible, time-dependent
strain - at least in the wet Stage 2 experiments. This assertion is supported by the fact that the
time-dependent and equilibrium strains occurring in the wet CO2 stepping tests on both
sample types (Stage 2) are much larger than in the wet He and Ar tests, over the same
increments in effective stresses.

Chapter 5
5.4.2 Relative swelling induced by CO2 versus He/Ar
Our Stage 2 (wet) and Stage 3 (dry) stepping experiments performed on the SWy-1 and
SAz-1 samples, in the initially AD (Stage 2) and VD (Stage 3) states, consistently showed
sample expansion when the pore fluid was switched from Ar or He to CO 2 under constant
effective stress condition, thus indicating a swelling effect induced by exposure to CO2 (refer
to Figures 3&4). Relative swelling of samples tested with CO 2 versus He or Ar is also evident
in the equilibrium thickness change versus stress data derived from our Stage 2 (wet) and
Stage 3 (dry) stepping tests on both samples, as reported in Figure 6. To quantify the relative
swelling deformation (in excess of poro-elastic effects) due to CO2 exposure, we use the
differences in equilibrium sample thickness changes between the CO2 and He/Ar tests seen in
Figure 6. These differences are listed as a function of corresponding applied effective stress
in Table 1, for both the Ca-SAz-1 and Na-SWy-1 samples and for the Stages 2 (wet) and 3
(dry) experiments. All differential values of equilibrium sample thickness changes are
negative (see Table 1), confirming a relative swelling or expansion effect caused by exposure
to CO2 at 10 MPa pressure. The corresponding CO 2-induced swelling strains were calculated
as the ratio of the relative swelling deformation to the referential (initial) sample thickness
(L0). The results are listed against applied effective stress in Table 1and plotted versus applied
effective stress in Figure 9.
With reference to Figure 9, it is clear that the relative swelling strains calculated for AD
samples saturated with wet CO2 versus wet Ar/He are substantial, i.e. 4%–5% for the AD NaSWy-1 sample at effective axial stresses of 1.6 –36.2 MPa, and ~1.5–5.5% at 0.5–44.0 MPa
effective stress for the AD SAz-1 sample. Lower swelling strains of 0.5–1.5% and 0.4–0.9%
were recorded for vacuum-dried (VD) SWy-1 and SAz-1 samples tested with pure dry CO2
versus dry He/Ar. For all samples, relative swelling strain attained decreased consistently with
increasingly applied effective stresses (Figure 9).This trend is again qualitatively consistent
with that predicted by the thermodynamic model for single species gas/fluid adsorption by
stressed solids put forward by Hol et al. (2011, 2012) and Liu et al. (2016b) (Espinoza et al.,
2014; cf. models by Espinoza et al., 2016; and Nikoosokhan et al., 2014; Brochard et al.,
2012).
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(a)

Stage 2 Swy-1 (AD)
Wet CO2 versus wet Ar

(b)

(d)

Stage 3 SAz-1 (VD)
Dry CO2 versus dry He

Stage 3 SWy-1 (VD)
Dry CO2 versus dry He
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(c)

Stage 2 SAz-1 (AD)
Wet CO2 versus wet He

Figure 9. Experimentally derived data on relative swelling strain as a function of applied
stress, as obtained for CO2 versus He and/or Ar in the Stage 2 (wet) and Stage 3 (dry) tests.
Model fits using Equation (2) are added (red curves) for comparison.

5.4.3 Experimental results for CO2 charged samples versus the Hol-Liu-Spiers
model
The Hol-Liu-Spiers model predicts that applied effective stress reduces the sorption
capacity of solid sorbents, desorbing the sorbate and causing associated solid shrinkage/strain.
To assess the applicability of this model to our results for the AD and VD SWy-1 and SAz-1
samples tested with wet and dry CO 2 versus wet and dry He or Ar, we now fit the Hol-LiuSpiers model to our experimental data on relative swelling strain versus effective stress
(Figure 9), evaluating the quality of the fit and the physical viability of the parameter values
obtained.
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5.4.3.1 Summary of Hol-Liu-Spiers model and application to present experiments
The Hol-Liu-Spiers model presents an expression for the adsorbed concentration of a
gas or fluid species in a stressed solid by obtaining the condition of equilibrium between the
free gas or fluid at pressure P and its adsorbed equivalent. In doing so, the free energy of
adsorption is modified to include a stress-strain work term associated with the Terzaghi
effective stress supported by the solid, in addition to the pressure-volume work term found in
conventional sorption models that assume identical hydrostatic pressure in both the solid and
fluid phases (see Hol et al., 2012; Liu et al., 2016b; Espinoza et al., 2014; Espinoza et al.,
2016). The model predicts that the equilibrium concentration (Cσ) of adsorbed molecules of a
single sorbing species (mol/kg) in a solid adsorbent phase decreases with total hydrostatic
stress (σn) applied to the solid according to the relation
𝐶𝜎 = 𝐶𝑠 𝜃 =

𝑝
𝜇𝑔0 −𝜇𝑠 0
−(𝜎𝑛 −𝑃0 )𝑉0
)exp(
)
𝑅𝑇
𝑅𝑇
𝑝0
𝜇𝑔0 −𝜇𝑠
−(𝜎𝑛 −𝑃0 )𝑉0
1+𝑎𝑔 exp(
)exp(
)
𝑅𝑇
𝑅𝑇

𝐶𝑠 𝑎𝑔 exp(

(1)

Here Cs (mol/kg) is the adsorption site density in the adsorbent, θ is the adsorption site
occupancy, ag is the activity of the sorbing gas/fluid at given pressure and temperature
conditions, 𝜇𝑔0 is the chemical potential of free gas/fluid phase at a standard reference pressure
𝑝

(e.g. P0=0.1MPa), 𝜇𝑠 0 is the chemical potential of the adsorbed species at the reference
pressure P0, R (J· K-1·mol-1) is the gas constant, and V0 (m3/mol) is the partial molar volume
of the adsorbed molecules (i.e. the volume increase experienced by the solid sorbent due to
absorption of one mole of sorbate).
To apply the above equation to describe our experimental results, and to assess its
suitability, we must now assume (1) that the relative strains derived from our CO 2 tests and
the equivalent He/Ar tests are solely due to CO2 sorption/desorption, (2) that CO2 sorption
takes place in both clay interlayer and platelet surface sites, (3) that the parameters in equation
1 are constant and apply to both sites with equal values, (4) that ad/de-sorption of CO2 and
H2O are fully independent, and (5) that swelling/shrinkage due to CO 2 sorption/desorption
occurs in the axial loading direction only (i.e. normal to the expected alignment of [001] basal
planes in the compacted samples). It then follows that the sorption-induced volumetric and
axial swelling strain 𝜖𝑉𝑎𝑑𝑠 is linearly proportional to the adsorbed concentration Cσ
(mol/kgabsorbent) (c.f. Hol et al., 2012), such that 𝜖𝑉𝑎𝑑𝑠 = 𝐶𝜎 𝜌𝑉0 , where ρ is the density of the
clay sample. Combining this with Equation (1) and substituting the total axial stress 𝜎𝑒 + 𝑃
in our experiments for 𝜎𝑛 , an axial stress-strain-sorption model is obtained for smectites upon
uptake of CO2 (independently of adsorption of water), written
𝜖𝑉𝑎𝑑𝑠 =

−(𝜎𝑒 +𝑃−𝑃0 )𝑉0
)
𝑅𝑇
−(𝜎𝑒 +𝑃−𝑃0 )𝑉0
1+𝑎2 exp(
)
𝑅𝑇

𝑎1 𝑎2 exp(

(2)
𝑝

where a1 = CsρV0 and a2 =𝑎𝑔 exp(
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5.4.3.2 Fitting to present data

Table 3. Parameter values obtained from best fit of Hol-Liu-Spiers Model (Equation 2) to our
data for samples exposed to CO2 relative to He and/or Ar.
Sample
/Condition

Stage

a1

a2

V0
m3/mol

Cs
mol/kg

ρads
kg/m3

C(σ0)
mol/kg

SWy-1.AD

Stage 2

6.22

5.07

66.08×10-6

0.42

665.86

0.1

-6

SWy-1.VD

Stage 3

2.1

5.54

134×10

0.74

328.36

0.06

SWy-1.VD*

Stage 3

11.23

0.22

66.08×10-6

0.07

665.86

0.03

-6

0.50

423.61

0.47

SAZ-1 AD

Stage 2

11.33

1.39

103.87×10

SAZ-1 AD *

Stage 2

47312

1.49×10-04

66.08×10-6

3254.46

665.86

NR

SAZ-1 VD

Stage 3

1.56

2.15

67.97×10-6

0.10

647.34

0.03

Comment

No
converge

ρads represents the adsorbed phase density of CO2. * represents model fits performed using a
V0 value derived from the model fit to the AD SWy-1 run. C(σl) reported in the table is the
predicted sorbed concentration of CO2 (Cσ) obtained at the lowest effective stress applied to
each sample during the stress cycling runs. NR denotes that data is not reported due to no
convergence achieved in the model fitting.

5.4.3.3 Comparison of fit-derived parameters and model predictions with previous
data
Fit-derived parameters and sorbed concentration versus previous data
We now compare the parameter values obtained above with previous data on sorption
site density (Cs), partial molar volume (V0) and density (ρads) of sorbed CO2 (Table 3). We
also compare the present fitting results for the adsorbed concentration of CO 2 (Cσ) under
stressed conditions with previous information.
Several studies have reported the sorption capacity of smectite clays for CO2 at P-T
conditions relevant to CO2 storage but at fully hydrostatic conditions, i.e. at zero effective
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To assess its applicability, the above model was fitted to the experimental data on
relative, CO2-induced swelling strain versus effective stress presented in Figure 9 (and Table
1), using a nonlinear fitting routine. Regression iterations were continued until the fit
converged with a Chi-Sqr tolerance value of 10-9. The model fits to the experiment data are
superimposed on Figure 9, and the key parameters derived from the fits are given in Table 3.
The primary fitting parameters obtained from the regression were a1, a2 and V0. The adsorption
site density (Cs) present per kilogram of sample material was derived from values of a 1 and
V0. The density of the adsorbed CO2 phase (ρads) was calculated from the partial molar volume
V0 determined from our model fit, using ρads= M(CO2)/V0 where M(CO2) is the molar mass of
CO2. The adsorbed concentration of CO2 (Cσ) was simultaneously obtained as a function of
effective stress using Equations (1) and (2).
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stress. Schaef et al. (2014) reported that the CO2 sorption capacity of dry Ca rich SWy-2
montmorillonite at 9 MPa CO2 pressure and 50 °C was 0.92 mol/kg. Busch et al. (2008)
reported ~0.3 and ~1.0 mol/kg CO2 excess sorption capacities for Na and Ca
montmorillonites, respectively, at a CO2 pressure of 10MPa and a temperature of 45°C. The
sorbed CO2 concentrations (Cσ) at low effective stress (0.5–1.5MPa), as derived from fitting
our experimental data for Stages 2 (wet) and 3 (dry) to the Hol-Liu-Spiers model (Equation
2), are 0.1mol/kg for Na-SWy-1 montmorillonite and 0.47mol/kg for Ca-SAz-1
montmorillonite (Table 3). These values are of the same order as reported in the above studies.
However, the Cs value of 0.5 mol/kg for AD Ca-SAz-1 montmorillonite tested with wet CO2
versus wet He, as derived from the present model fit, is ~50% lower than that reported for Camontmorillonite at similar P-T conditions by Busch et al. (2008) and Schaef et al. (2015). For
AD Na-SWy-1 tested with wet gases, our Cs of 0.42 mol/kg is ~35% of that reported by Busch
et al. (2008). These discrepancies might be caused by the different compositions of the
samples tested and/or different hydration states attained by the samples when charged with
CO2. On the other hand, the discrepancies might result from the assumptions made in applying
the Hol-Liu-Spiers model or from other factors not accounted for.
The values of ρads listed in Table 3 show similar densities for CO2 adsorbed by our AD
SWy-1 and VD SAz-1 montmorillonite samples, respectively 665kg/m3 and 647kg/m3. These
are slightly higher than the bulk density (ρbulk=628kg/m3) of free supercritical CO2 at the
present experimental conditions (i.e. 10 MPa and 40°C), implying positive excess sorption.
By contrast, our ρads values for VD SWy-1 and AD SAz-1 are much lower than ρbulk, being
326 kg/m3 and 424 kg/m3 and indicating negative excess sorption. Our ρads value for the VD
SWy-1 and AD SAz-1 samples are, however, consistent with the densities (0.3−0.4 g/cm3)
reported by Rother et al. (2013) for CO2 adsorbed in the interlayer space of Na
montmorillonite with <1W hydration state. On the other hand, the ρbulk values obtained for the
adsorbed CO2 phase in the AD SWy-1 and VD SAz-1 samples (Table 3) are closer to the
density of H2O adsorbed in the interlayer of smectite clays (Fu et al., 1990). This suggests that
H20 adsorption/desorption might occur alongside CO 2 adsorption/desorption, contributing to
the overall stress-strain-sorption behaviour observed for the AD SWy-1 and VD SAz-1
samples in the Stages 2 (wet) and 3 (dry) experiments respectively.
Model predictions versus previous experimental data on swelling stress
We now apply the Hol-Liu-Spiers model, with the (He-relative) parameter values for
VD SWy-1 material given in Row 2 of Table 3, to predict swelling stresses (σsw) developed
in VD SWy-1 montmorillonite charged with dry CO2 at 10MPa at 50°C under restricted
swelling strain (εsw) conditions, i.e. under the same conditions and same restricted swelling
strain condition as the swelling stress experiments reported in Chapter 3 (see Table 4). First,
we combine the Hol-Liu-Spiers model with Hook’s Law to establish a relationship between
(total) restricted sample strain (𝜀𝑟 ) and the effective stress applied, thus accounting for elastic
and adsorptive strain. This yields
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𝜀𝑟 = 𝜀 𝑒𝑙 +𝜀𝑉𝑎𝑑𝑠 =

𝜎𝑒 −𝜎𝑒𝑖𝑛
𝐸

+

−(𝜎𝑒 +𝑃−𝑃0 )𝑉0
)
𝑅𝑇
−(𝜎𝑒 +𝑃−𝑃0 )𝑉0
1+𝑎2 exp(
)
𝑅𝑇

𝑎1 𝑎2 exp(

(3)

Table 4. Comparison of model prediction with experimental data on swelling stresses
measured for VD SWy-1 samples exposed to CO2 pressure at 10MP at 50°C (Chapter 3).
σein (exp)

εsw (exp)

σsw (exp)

Sorption-induced
εsw (exp)

Predicted
σsw

MPa

%

MPa

%

MPa

T50VD-CS1

11.13

1.89

6.81

1.24

3

T50VD-CS2

11.6

1.7

6.12

1.05

5.5

T50VD-CS3

17.96

1.39

5.89

0.74

8

T50VD-CS4

18.46

1.57

6.66

0.92

4.7

T50VD-CS5

25.52

1.16

4.88

0.51

8.6

Exp number

σein (exp) is the initial effective stress applied to each sample tested in the swelling stress
measurement performed on the VD SWy-1 montmorillonite disks exposed to 10MPa CO2
pressure at 50°C. σsw (exp) and εsw(exp) are the experimentally measured swelling stress and
accompanying swelling strain. Sorption-induced εsw (exp) is the measured swelling strain after
correction for pore-elastic effect, i.e. swelling strain contributed by CO2 adsorption (see
Chapter 3 for detail).

4.3.4 Model evaluation
On the basis of the above, we can conclude that the Hol-Liu-Spiers model, applied with
the additional assumption made here, can be fitted to accurately describe the relative CO2induced swelling data, and its inverse dependence on applied effective stress, obtained in our
Stage 2 (wet) and Stage 3 (dry) experiments on SWy-1 and SAz-1 montmorillonites (Figure
9). The parameter values obtained in the fitting procedure are in reasonable, broad agreement
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Here, 𝜀 𝑒𝑙 is the axial elastic strain of the sample induced by change in effective stress relative
to the initial effective stress (𝜎𝑒𝑖𝑛 ) applied to the sample, and E is the constrained uniaxial
stiffness (Capp, mean value=3GPa, see Table 2) for the VD SWy-1 sample measured in the
present study. Second, we inserted the restricted swelling strains measured in the experiments
(i.e. the sorption-induced swelling strain) into Equation 3, as the boundary strain condition
and solved for the final effective stress (σe) associated with this strain. Subtracting the initial
effective stress 𝜎𝑒𝑖𝑛 then yielded the predicted swelling stress (see Table 4). The results show
that the swelling stress values predicted per experiment are of the same order as the
experimental data, but differ significantly in individual values. This is presumably caused
inconsistencies between the mean stiffness modulus (Capp=3GPa) used in the model fit
versus the specific elastic modulus of the individual samples tested in each experiment.
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with values independently reported in the literature. Moreover, the model fits obtained for NaSwy-1 material under VD conditions adequately predict the CO2 exposure-induced swelling
stresses measured for similar material at slightly higher temperatures (50C) conditions in
Chapter 3. In detail, however, there are a variety of inconsistencies between model and
measurements, presumably reflecting inadequacies of the model assumptions, such as nonequivalence of interlayer and clay surface sorption sites, or interdependence and competition
between CO2 and H2O uptake (as reported by Schaef et al., 2015; Loring et al., 2014; see also
Giesting et al., 2012a; Loring et al., 2013; Busch et al., 2008). Future application of the HolLiu-Spiers model to describe stress-strain-sorption behaviour of smectite clays under CO2
storage conditions, in a more reliable and exact way, therefore requires extension of the model
to take into account factors such as these.

5.4.4 Implications for CCS
5.4.4.1 CO2 storage capacity of smectite-rich rocks under subsurface stress and
temperature conditions
Conventional CO2 sorption experiments conducted on montmorillonite clays at zero
effective stress conditions (clay sample “immersed” in (Sc) CO 2), show that sorbed
concentrations at P-T conditions relevant for CO2 storage conditions are equivalent to bulk
sorption capacities in the range of 380 to 900mol/m3, assuming that the density of the clay
rock is 2250kg/m3 (Busch et al., 2016; Rother et al., 2013). This suggests that adsorption could
provide storage capacity for CO2 in clays present in reservoir rocks and caprocks (Busch et
al., 2016; Song and Zhang, 2013). Our fits of the Hol-Liu-Spiers model to our experimental
data (see Figure 9 and Table 3) imply adsorbed concentrations of CO 2 at low effective stress
conditions that are consistent with this speculation. For example, the fit of Equation 2 shown
in Figure 9a implies Cσ = 0.47mol/kg, equivalent to 1058mol/m3, at a CO2 pressure of 10MPa
at 40°C under an effective axial stress of ~0.5MP. On the other hand, the results of model
fitting show that the CO2 sorption capacity of both Na- and Ca- montmorillonites, decreases
dramatically with increasing effective stress acting on the clay, especially under “wet”
(RH≈20%) conditions (Figure 9a,b). Indeed, from the fit of Equation 2 in Figure 9a, the CO 2
concentration sorbed by AD Ca-SAz-1 montmorillonite decreases from the above mentioned
0.47mol/kg at an effective stress of 0.5MPa to 0.08mol/kg at 40MPa (see also Table 3). In
addition, predictions using the Hol-Spiers-Liu model (Equation 2) show a negative effect of
increasing temperature on sorption capacity. Applying our model fits for typical upper crustal
geothermal and lithostatic stress gradients implies that positive contributions to CO 2 storage
capacity by sorption onto smectites are likely to be prominent only at shallow depths, where
the temperature and lithostatic stress are relatively low. For example, at depths up to 1.5–2
km (i.e. T60°C and σe25MPa), bulk sorption capacities in the range of 500–1100 mol/m3
are predicted for smectite clays. However, at greater depth (e.g. >3km), storage capacity
contributed by uptake of CO2 by smectites will quickly become negligible, decreasing to
<210mol/m3, i.e. <20% of that at zero effective stress conditions. Investigations into these
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aspects of ScCO2-smectite interactions, at pressures, temperatures and water activities
characteristic of geologic sequestration of CO2, in particular under the effect of overburden
stresses, have only recently begun (Schaef et al., 2015; Zhang et al., 2018), and still need
further study to achieve a better understanding.

Comparing the Hol-Liu-Spiers model with the swelling stress experiments presented in
Chapter 3 (and 2), it gives a reasonable match to the experimental results. The model can
therefore be used as a first quantification of the stress-strain-sorption relationships needed for
numerical modelling to assess stress-strain-permeability changes when CO2 penetrates into a
fractured clay-rich caprock or fault, i.e. at slow rates which do not change the clay hydration
state. The coupling to fracture permeability changes can be achieved using an appropriate
elastic (Hertzian-contact) relationship between stress and fracture apertures, of the type put
forward by Walsh (1981 - see also Cook, 1992; Connell et al 2010). Numerical modelling
work of this type has already been performed in the context of enhanced coalbed methane
extraction and CO2 storage in coal (Liu et al., 2017; Espinoza et al., 2016; Espinoza et al.,
2014; Espinoza et al., 2013; Pan and Connell, 2007). In line with the conclusions drawn in
Chapters 2 and 3 on CO2-induced swelling stress, the expectation is that penetration of CO 2
into smectite-bearing clay caprocks and faults will in general cause swelling strains and
swelling stresses that will tend to close migration pathways, unless desiccation of interlayer
water occurs as described in Chapter 4. To account for this in a numerical model, the present
(Hol-Liu-Spiers) modelling approach would need to be extended to account for H 2O sorption
and desorption, alongside CO2.

5.5 Conclusions
We performed oedometric type (i.e. laterally confined, uniaxial compression) stress
cycling experiments on two pre-compressed discs (~1mm thick) respectively made of NaSWy-1 and Ca-SAz-1 montmorillonite, equilibrated with He, Ar and CO2 at 10MPa at a
temperature of 40°C. The effective stress exerted on the samples was cycled both continuously
and incrementally (stepwise) in the range from 0.5–1.7 MPa to ~43MPa. The sample were
pre-calibrated to obtain reference hydration states equilibrated with lab air humidity at 40°C
(RH≈20%) or else pre-dried under vacuum at temperatures designed to remove all interlayer
water. The air-dried (AD) samples were tested using wet (RH=20%) pore fluids while the
vacuum-dried (VD) samples were tested with dry (pure) pore fluids. Our findings can be
summarized as follows:
1. When subjected to rapid load cycling under atmospheric pressure or under Ar and
CO2 pressure at 10MPa, the AD Na-SWy-1 and Ca-SAz-1 samples showed reversible and
recoverable stress-strain behaviour indicating elastic behaviour with a constrained uniaxial
stiffness modulus in the range of 1.3–3.1GPa when in AD state and 1.7-6.3 GPa when in VD
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state. This behaviour observed is more or less independent of exposure to gas type, wet or
dry.
2. When subjected to stepwise stress -cycling runs, the Na-SWy-1 and Ca-SAz-1
samples, tested in initially AD state in presence of wet pore fluids (Stage 2 tests) or in initially
VD state using pure (dry) pore fluids (Stage 3 tests), showed a time-dependent approach to
equilibrium after each stress step. The stress-strain behaviour measured for each stepwise
equilibrium state was reproducible and reversible Both samples, tested in either the AD/wet
or VD/dry state, exhibited 20-65% lower apparent stiffness, i.e. more strain, when equilibrated
with CO2 as opposed He or Ar, showing that CO2-smectite interactions altered the equilibrium
mechanical response of pre-pressed smectites.
3. The above effect of (wet and dry) CO 2 on enhancing deformation or reducing the
apparent stiffness of the present smectite discs is related to the increased equilibrium strain
response of samples tested with CO2, as opposed to He or Ar. This is inferred to be induced
by stress-driven desorption of CO2 molecules (or H2O molecules or both) from the smectite
interlayer region and possibly from clay surface sites. Desorption occurs in a time-dependent
manner, especially in the case of AD samples exposed to wet pore fluid (Stage 2), probably
because of permeability limited expulsion of gas/water mixtures. Only minor timedependence was observed for VD samples exposed to dry CO 2 (Stage 3).
4. Equilibrium sample thickness changes measured in our Stage 2 (wet) and Stage 3
(dry) stress stepping experiments performed on both samples, show a relative
swelling/expansion of the sample charged with CO2 as opposed to He/Ar, per stress step
applied. The magnitude of the relative swelling strain consistently decreased with increasing
applied stress, being in the range of 1.5–5.5% for AD samples charged with wet CO2, and
only 0.5-1.8% relative swelling strain in the case of the VD samples exposed to dry CO2.
5. We fitted thermodynamics-based Hol-Liu-Spiers model (Hol et al., 2012) for stressstrain-sorption behaviour of a binary sorbent-sorbate system to the data on the relative
swelling strain versus stress obtained in our experiments. The model fits described the
experimental data accurately and yielded parameter values for CO2 sorption capacity, sorption
site concentration and density of the adsorbed CO2 phase that are similar to independently
determined values from other studies. Moreover, the fitted model predicts swelling stresses
that favourably match those measured under restricted strain conditions in Chapter 3. This
suggests potential for applying such thermodynamically based models to describe and predict
the stress-strain-sorption behaviour of smectite in the presence of varying CO 2 and water
activities, though the model has yet to be developed to consider the mutual interaction
between CO2, H2O and smectites.
6. The present experimental results and model fits indicate that smectite-rich rocks have
significant storage capacity for CO2 at shallow depths (up to 1.5–2 km) by means of CO2
sorption by the clay minerals. However, the sorption capacity of CO 2 by smectite clays
decreases with increasing Terzaghi effective stress and temperature, implying that the
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contribution of sorption by clay minerals to storage capacity is weakened by more than 80%
with increasing burial depth beyond 3 km.
7.The model fitted to our data provides a first way of modelling stress-strain-sorption
effects in smectite rich caprocks, and of modelling permeability changes due to penetration
by CO2. However, the assumptions behind it are strong and improvements are needed to
account for interdependence and competition between H2O and CO2 sorption/desorption.
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Appendix 1: Preparation of water-bearing/wet pore fluid
Pore fluids employed in all tests on AD samples were prepared having a partial water
vapor pressure (RH~20%) equivalent to that characterizing the AD samples in the preequilibration stage. This was necessary to minimize any desiccation effects induced by flow
of pore fluids through the samples. The wet pore fluid was produced following the steps
below:
1. Connect the ISCO pump to a flask containing saturated Mg(NO 3)2 solution with
excess salt and the solid, solution and vapor phases present.
2. Adjust the ISCO to operate in constant volume mode. Briefly evacuate the ISCO
pump plus flask system, and then isolate the system from the external atmosphere for ~5hours.
In this procedure, the pump and pipes of the pore fluid system are primed with water vapor
pressure equivalent to RH≈20%.
3. Close the connection between the pore fluid system and the flask, then introduce the
target pore fluid from the gas cylinder into the ISCO pump at 10MPa using a regulator
mounted at the outlet of the gas cylinder. Note that pore fluid introduction was done in
multiple steps via a ‘trial and error’ method. In each step, a small amount of fluid at room
temperature (~22°C) and ~10MPa was injected into the pump (heated at 40°C). The fluid
pressure in the pump changed with time due to thermal expansion, and was monitored using
a pressure transducer attached to the ISCO pump. When the measured (total) pressure reached
a stable value, it was further incremented until the target pressure of 10MPa) was attained.

200

Stress-strain-sorption behaviour of smectites … Experiments vs. model

Alvarado, V., Manrique, E., 2010. Enhanced oil recovery: an update review. Energies 3, 15291575.
Borden, D., Giese, R., 2001. Baseline studies of the clay minerals society source clays: cation
exchange capacity measurements by the ammonia-electrode method. Clays and Clay
Minerals 49, 444-445.
Brochard, L., Vandamme, M., Pellenq, R.J.M., Fen-Chong, T., 2012. Adsorption-Induced
Deformation of Microporous Materials: Coal Swelling Induced by CO2–CH4
Competitive Adsorption. Langmuir 28, 2659-2670.
Busch, A., Alles, S., Gensterblum, Y., Prinz, D., Dewhurst, D., Raven, M., Stanjek, H.,
Krooss, B., 2008. Carbon dioxide storage potential of shales. International Journal of
Greenhouse Gas Control 2, 297-308.
Busch, A., Bertier, P., Gensterblum, Y., Rother, G., Spiers, C., Zhang, M., Wentinck, H.,
2016. On sorption and swelling of CO2 in clays. Geomechanics and Geophysics for
Geo-Energy and Geo-Resources 2, 111-130.
Busch, A., Gensterblum, Y., 2011. CBM and CO2-ECBM related sorption processes in coal:
A review. International Journal of Coal Geology 87, 49-71.
Chadwick, R.A., Zweigel, P., Gregersen, U., Kirby, G.A., Holloway, S., Johannessen, P.N.,
2004. Geological reservoir characterization of a CO2 storage site: The Utsira Sand,
Sleipner, northern North Sea. Energy 29, 1371-1381.
Chipera, S.J., Bish, D.L., 2001. Baseline studies of The Clay Minerals Society Source Clays:
Powder X-ray diffraction analyses. Clays and Clay Minerals 49, 398-409.
Connell, L.D., Lu, M., Pan, Z., 2010. An analytical coal permeability model for tri-axial strain
and stress conditions. International Journal of Coal Geology 84, 103-114.
Cook, N.G.W., 1992. Natural joints in rock: Mechanical, hydraulic and seismic behaviour and
properties under normal stress. International Journal of Rock Mechanics and Mining
Sciences & Geomechanics Abstracts 29, 198-223.
Cygan, R.T., Daemen, L.L., Ilgen, A.G., Krumhansl, J.L., Nenoff, T.M., 2015. Inelastic
Neutron Scattering and Molecular Simulation of the Dynamics of Interlayer Water in
Smectite Clay Minerals. The Journal of Physical Chemistry C 119, 28005-28019.
Cygan, R.T., Romanov, V.N., Myshakin, E.M., 2012. Molecular Simulation of Carbon
Dioxide Capture by Montmorillonite Using an Accurate and Flexible Force Field. The
Journal of Physical Chemistry C 116, 13079-13091.
de Jong, S.M., Spiers, C.J., Busch, A., 2014. Development of swelling strain in smectite clays
through exposure to carbon dioxide. International Journal of Greenhouse Gas Control.
Espinoza, D.N., Santamarina, J.C., 2017. CO2 breakthrough—Caprock sealing efficiency and
integrity for carbon geological storage. International Journal of Greenhouse Gas
Control 66, 218-229.
Espinoza, D.N., Vandamme, M., Dangla, P., Pereira, J.-M., Vidal-Gilbert, S., 2013. A
transverse isotropic model for microporous solids: Application to coal matrix
adsorption and swelling. Journal of Geophysical Research: Solid Earth 118, 61136123.
Espinoza, D.N., Vandamme, M., Dangla, P., Pereira, J.M., Vidal-Gilbert, S., 2016.
Adsorptive-mechanical properties of reconstituted granular coal: Experimental
characterization and poromechanical modeling. International Journal of Coal Geology
162, 158-168.
Espinoza, D.N., Vandamme, M., Pereira, J.M., Dangla, P., Vidal-Gilbert, S., 2014.
Measurement and modeling of adsorptive–poromechanical properties of bituminous

201

Chapter 5

References

Chapter 5
coal cores exposed to CO2: Adsorption, swelling strains, swelling stresses and impact
on fracture permeability. International Journal of Coal Geology 134-135, 80-95.
Ferrage, E., Kirk, C.A., Cressey, G., Cuadros, J., 2007a. Dehydration of Ca-montmorillonite
at the crystal scale. Part 2. Mechanisms and kinetics. American Mineralogist 92, 10071017.
Ferrage, E., Kirk, C.A., Cressey, G., Cuadros, J., 2007b. Dehydration of Ca-montmorillonite
at the crystal scale. Part I: Structure evolution. American Mineralogist 92, 994-1006.
Ferrage, E., Lanson, B., Malikova, N., Plancon, A., Sakharov, B.A., Drits, V.A., 2005. New
insights on the distribution of interlayer water in bi-hydrated smectite from X-ray
diffraction profile modeling of 00l reflections. Chem Mater 17, 3499-3512.
Ferrage, E., Lanson, B., Sakharov, B.A., Geoffroy, N., Jacquot, E., Drits, V.A., 2007c.
Investigation of dioctahedral smectite hydration properties by modeling of X-ray
diffraction profiles: Influence of layer charge and charge location. American
Mineralogist 92, 1731-1743.
Fu, M., Zhang, Z., Low, P., 1990. Changes in the properties of a montmorillonite-water
system during the adsorption and desorption of water: hysteresis. Clays and Clay
Minerals 38, 485-492.
Gaus, I., 2010. Role and impact of CO2–rock interactions during CO2 storage in sedimentary
rocks. International Journal of Greenhouse Gas Control 4, 73-89.
Giesting, P., Guggenheim, S., Koster van Groos, A.F., Busch, A., 2012a. Interaction of carbon
dioxide with Na-exchanged montmorillonite at pressures to 640bars: Implications for
CO2 sequestration. International Journal of Greenhouse Gas Control 8, 73-81.
Giesting, P., Guggenheim, S., Koster van Groos, A.F., Busch, A., 2012b. X-ray diffraction
study of K- and Ca-exchanged montmorillonites in CO2 atmospheres. Environ Sci
Technol 46, 5623-5630.
Greathouse, J.A., Hart, D.B., Bowers, G.M., Kirkpatrick, R.J., Cygan, R.T., 2015. Molecular
Simulation of Structure and Diffusion at Smectite–Water Interfaces: Using Expanded
Clay Interlayers as Model Nanopores. The Journal of Physical Chemistry C 119,
17126-17136.
Hol, S., Peach, C.J., Spiers, C.J., 2011. Applied stress reduces the CO2 sorption capacity of
coal. International Journal of Coal Geology 85, 128-142.
Hol, S., Peach, C.J., Spiers, C.J., 2012. Effect of 3-D stress state on adsorption of CO2 by
coal. International Journal of Coal Geology 93, 1-15.
Hol, S., Spiers, C.J., 2012. Competition between adsorption-induced swelling and elastic
compression of coal at CO2 pressures up to 100 MPa. J Mech Phys Solids 60, 18621882.
Hol, S., Zoback, M.D., Spiers, C.J., 2013. Role of adsorption in the creep behavior of coal
and shale, Poromechanics V@ sProceedings of the Fifth Biot Conference on
Poromechanics. ASCE, pp. 668-677.
Holloway, S., 1997. An overview of the underground disposal of carbon dioxide. Energy
Conversion and Management 38, S193-S198.
Ilton, E.S., Schaef, H.T., Qafoku, O., Rosso, K.M., Felmy, A.R., 2012. In Situ X-ray
Diffraction Study of Na+ Saturated Montmorillonite Exposed to Variably Wet Super
Critical CO2. Environ Sci Technol 46, 4241-4248.
Jaynes, W., Bigham, J., 1986. Multiple cation-exchange capacity measurements on standard
clays using a commercial mechanical extractor. CLAYS CLAY MINER. Clays Clay
Miner. 34, 93.

202

Kaldi, J., Daniel, R., Tenthorey, E., Michael, K., Schacht, U., Nicol, A., Underschultz, J.,
Backe, G., 2013. Containment of CO2 in CCS: Role of Caprocks and Faults. Energy
Procedia 37, 5403-5410.
Liu, J.F., Fokker, P.A., Spiers, C.J., 2017. Coupling of swelling, internal stress evolution, and
diffusion in coal matrix material during exposure to methane. J Geophys Res-Sol Ea
122, 844-865.
Liu, J.F., Peach, C.J., Spiers, C.J., 2016a. Anisotropic swelling behaviour of coal matrix cubes
exposed to water vapour: Effects of relative humidity and sample size. International
Journal of Coal Geology 167, 119-135.
Liu, J.F., Spiers, C.J., Peach, C.J., Vidal-Gilbert, S., 2016b. Effect of lithostatic stress on
methane sorption by coal: Theory vs. experiment and implications for predicting insitu coalbed methane content. International Journal of Coal Geology 167, 48-64.
Loring, J.S., Ilton, E.S., Chen, J., Thompson, C.J., Martin, P.F., Benezeth, P., Rosso, K.M.,
Felmy, A.R., Schaef, H.T., 2014. In situ study of CO(2) and H(2)O partitioning
between Na-montmorillonite and variably wet supercritical carbon dioxide. Langmuir
30, 6120-6128.
Loring, J.S., Schaef, H.T., Thompson, C.J., Turcu, R.V., Miller, Q.R., Chen, J., Hu, J., Hoyt,
D.W., Martin, P.F., Ilton, E.S., Felmy, A.R., Rosso, K.M., 2013. Clay
Hydration/dehydration in Dry to Water-saturated Supercritical CO2: Implications for
Caprock Integrity. Energy Procedia 37, 5443-5448.
Loring, J.S., Schaef, H.T., Turcu, R.V.F., Thompson, C.J., Miller, Q.R.S., Martin, P.F., Hu,
J.Z., Hoyt, D.W., Qafoku, O., Ilton, E.S., Felmy, A.R., Rosso, K.M., 2012. In Situ
Molecular Spectroscopic Evidence for CO2 Intercalation into Montmorillonite in
Supercritical Carbon Dioxide. Langmuir 28, 7125-7128.
Loring, J.S., Thompson, C.J., Wang, Z.M., Joly, A.G., Sklarew, D.S., Schaef, H.T., Ilton,
E.S., Rosso, K.M., Felmy, A.R., 2011. In Situ Infrared Spectroscopic Study of
Forsterite Carbonation in Wet Supercritical CO2. Environ Sci Technol 45, 6204-6210.
Madejova, J., Komadel, P., 2001. Baseline studies of The Clay Minerals Society Source
Clays: Infrared methods. Clays and Clay Minerals 49, 410-432.
Mermut, A.R., Lagaly, G., 2001. Baseline studies of the clay minerals society source clays:
layer-charge determination and characteristics of those minerals containing 2: 1
layers. Clays and Clay Minerals 49, 393-397.
Michot, L.J., Ferrage, E., Delville, Jimenez-Ruiz, M., 2016. Influence of layer charge,
hydration state and cation nature on the collective dynamics of interlayer water in
synthetic swelling clay minerals. Appl Clay Sci 119, 375-384.
Moore, D.M., Hower, J., 1986. Ordered Interstratification of Dehydrated and Hydrated NaSmectite. Clays and Clay Minerals 34, 379-384.
Nikoosokhan, S., Vandamme, M., Dangla, P., 2014. A poromechanical model for coal seams
saturated with binary mixtures of CH4 and CO2. J Mech Phys Solids 71, 97-111.
Nooraiepour, M., Haile, B.G., Hellevang, H., 2017. Compaction and mechanical strength of
Middle Miocene mudstones in the Norwegian North Sea – The major seal for the
Skade CO2 storage reservoir. International Journal of Greenhouse Gas Control 67,
49-59.
Pan, Z., Connell, L.D., 2007. A theoretical model for gas adsorption-induced coal swelling.
International Journal of Coal Geology 69, 243-252.
Paneri, S., Jana, D.R., 2017. Carbon Capture, Utilization and Storage: A Review. combustion
18, 20.

203

Chapter 5

Stress-strain-sorption behaviour of smectites … Experiments vs. model

Chapter 5
Prost, R., Koutit, T., Benchara, A., Huard, E., 1998. State and location of water adsorbed on
clay minerals: Consequences of the hydration and swelling-shrinkage phenomena.
Clays and Clay Minerals 46, 117-131.
Romanov, V.N., 2013. Evidence of irreversible CO2 intercalation in montmorillonite.
International Journal of Greenhouse Gas Control 14, 220-226.
Rother, G., Ilton, E.S., Wallacher, D., Haubeta, T., Schaef, H.T., Qafoku, O., Rosso, K.M.,
Felmy, A.R., Krukowski, E.G., Stack, A.G., Grimm, N., Bodnar, R.J., 2013. CO2
sorption to subsingle hydration layer montmorillonite clay studied by excess sorption
and neutron diffraction measurements. Environ Sci Technol 47, 205-211.
Schaef, H.T., Davidson, C.L., Owen, A.T., Miller, Q.R.S., Loring, J.S., Thompson, C.J.,
Bacon, D.H., Glezakou, V.A., McGrail, B.P., 2014. CO2 Utilization and Storage in
Shale Gas Reservoirs: Experimental Results and Economic Impacts. Enrgy Proced 63,
7844-7851.
Schaef, H.T., Ilton, E.S., Qafoku, O., Martin, P.F., Felmy, A.R., Rosso, K.M., 2012. In situ
XRD study of Ca2+ saturated montmorillonite (STX-1) exposed to anhydrous and
wet supercritical carbon dioxide. International Journal of Greenhouse Gas Control 6,
220-229.
Schaef, H.T., Loring, J.S., Glezakou, V.A., Miller, Q.R.S., Chen, J., Owen, A.T., Lee, M.S.,
Ilton, E.S., Felmy, A.R., McGrail, B.P., Thompson, C.J., 2015. Competitive sorption
of CO2 and H2O in 2:1 layer phyllosilicates. Geochim Cosmochim Ac 161, 248-257.
Song, J., Zhang, D.X., 2013. Comprehensive Review of Caprock-Sealing Mechanisms for
Geologic Carbon Sequestration. Environ Sci Technol 47, 9-22.
Suter, J.L., Sprik, M., Boek, E.S., 2012. Free energies of absorption of alkali ions onto
beidellite and montmorillonite surfaces from constrained molecular dynamics
simulations. Geochim Cosmochim Ac 91, 109-119.
Viete, D.R., Ranjith, P.G., 2006. The effect of CO2 on the geomechanical and permeability
behaviour of brown coal: Implications for coal seam CO2 sequestration. International
Journal of Coal Geology 66, 204-216.
Walsh, J., 1981. Effect of pore pressure and confining pressure on fracture permeability,
International Journal of Rock Mechanics and Mining Sciences & Geomechanics
Abstracts. Elsevier, pp. 429-435.
Zhang, M., de Jong, S.M., Spiers, C.J., Busch, A., Wentinck, H.M., 2018. Swelling stress
development in confined smectite clays through exposure to CO2. International
Journal of Greenhouse Gas Control 74, 49-61.
Zhang, M., Spiers, C.J., Peach, C.J., A., B., Wentinck, H., 2018 Effect of CO2-smectite
interactions on the permeability of clayey rocks. International Journal of Greenhouse
Gas Control In prep

204

General conclusions and suggestions for further research

Chapter 6

General conclusions and suggestions for further

Chapter 6

research

205

This thesis presents the results of a predominantly experimental study of the effects of
interactions between smectite clays, water and CO 2 on the sealing integrity of clay-rich
caprocks overlying geological CO2 storages reservoirs. The work presented was conducted in
the context of CATO-2 (www.co2-cato.org), the Dutch national research program on Carbon
Capture and Storage technology (CCS). The study focused primarily on the response of
swelling behaviour of smectite clays induced by CO2 uptake under in-situ conditions relevant
to CO2 storage systems. Particularly, the study addressed the coupling of CO 2 uptake,
swelling, self-stressing and evolution in transport properties occurring in clay-rich caprocks
upon CO2 exposure under constrained conditions, attempting to improve understanding of the
response of clay-rich caprocks to CO2 injection and to facilitate management of leakage risks.
In the following, the main finding and conclusions will be integrated and summarized. The
implications for CO2 storage in geological reservoirs sealed by clay-rich caprocks are then
discussed. Finally, questions which remain unanswered, and have newly-surfaced are
identified, and suggestions for future research are made.

6.1 Main findings and conclusions
6.1.1 Self-stressing effect (swelling stress) in smectite induced by exposure to
CO2
Laterally constrained, uniaxial compression (oedometric) experiments were performed
on pre-compacted discs of pure smectite (Na-SWy-1 and Ca-SAz-1 montmorillonite) clays
plus a smectite-bearing shale (53% smectite) at 44°C under mechanically confined conditions,
by introducing CO2 pressure at 10MPa into the samples that are initially subjected to an
effective stress of 10–25MPa (see Chapter 2). The samples were pre-equilibrated with lab air
humidity to achieve an initial hydration state of H<1W and 1W<H<2W for the Na-SWy-1
and Ca-SAz-1 montmorillonite respectively. The temperature (44°C) and initial uniaxial
effective stress (10–25MPa) conditions employed in our experiment corresponded to burial
depths up to 2 km. Control experiments performed on Na-bearing smectite in the presence of
Ar showed a 2-3 MPa swelling stress, related to a poroelastic swelling effect. Upon the
introduction of CO2 at 10MPa, all samples tested developed an apparent swelling stress of 611MPa (uncorrected for poroelastic effects). This confirms a CO2 exposure-induced swelling
and self-stressing effect in the constrained smectite-bearing aggregates. Once appropriate
corrections were implemented for the poroelastic response of the smectite material, i.e.
extrapolating to zero sample swelling strain, swelling stresses of up to 43 MPa were produced
in Na-SWy-1, which decreased with effective stress. By contrast, Ca-bearing smectite showed
50% higher swelling stress development, compared to Na-SWy-1 under the same initial
effective stress. This indicated that the potential of swelling stress (and strain) development
is dependent on the composition of smectite materials. Furthermore, in smectite-bearing shale
swelling stresses of ~9.3 MPa were measured for representative burial depths of
approximately 2 km.
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To quantify the CO2 exposure-induced self-stressing effect in smectite clay under a
broad range of in-situ P-T conditions and to investigate the effect of initial hydration state on
swelling stress development, additional oedometer experiments were performed (Chapter 3).
These 1-D compression experiments were performed by injecting CO 2 at 10 MPa pressure
into Na-SWy-1 montmorillonite samples equilibrated with lab humidity (initial hydration
state H<1W), liquid water (H≈2w) or under vacuum (H≈0W) at initial axial effective stresses
(Terzaghi) of approximately 10 to 32MPa and temperatures of 44-80C. All sample types
produced swelling stresses of 5–10MPa upon exposure to CO2, alongside with a (poroelastic)
swelling strain restricted to < 1.5–3 %, i.e. swelling stresses of up to 86 MPa at zero swelling
strain. The stresses generated decreased with increasing initial axial stress and temperature.
Control experiments demonstrated that about 20-40% of the swelling stress developed due to
poroelastic expansion, 60–80% of the measured swelling stress was caused by CO2-smectite
interaction. However, it should be noted that under fully water-saturated conditions, no (net)
swelling stress development is observed due to exposure to CO2, suggesting that swelling
stress development in Na-SWy-1 montmorillonite, in excess of poro-elastic effects, can only
occur at hydration states in the range 0–1W. Furthermore, the CO2 sorption-induced swelling
effect is not only caused by incorporation of CO2 into the interlayer structure, but also by
sorption onto the external surface of (non-swelling) clay platelets. Overall, the magnitude of
sorption-induced swelling stress that can develop depends strongly on the degree of
confinement (allowed strain) but especially on the water activity (RH) with which the clay is
equilibrated before introduction of CO2.

6.1.3 Effect of through-flow of CO2 on the transport properties of clay-rich
rocks and simulated smectite gouge
Subsequent to quantifying the swelling stress development in smectite (Chapters 2 and
3), permeability experiments were performed on clay-rich, intact and fractured, shale material
and simulated smectite-rich fault gouge, to assess the impact of CO2-induced swelling on
transport properties (Chapter 4). For the measurements on intact and fractured material,
radially constrained Opalinus Claystone cylinders (35×70mm), cored perpendicular and
parallel to the bedding, at near zero initial radial stress were used. Additionally, the transport
properties of a simulated smectite gouge layer (Na-SWy-1 montmorillonite), pre-pressed and
sandwiched between two stainless steel half-cylinders, were also studied. All permeability
experiments were done at a mean pore fluid pressure of 10MPa at 40°C.
Permeability runs using dry He (control experiment) and then dry CO 2 were conducted
on all three samples. Compared to the control experiments, introduction and through-flow of
dry CO2 through room-humidity-equilibrated Opalinus Claystone samples and simulated
smectite fault gouge caused a decrease in stabilized permeability in all three samples tested,
by a factor of 4–9 or even by > 1 order. In line with the observations made in Chapters 2 and
3, this is consistent with a self-sealing effect related to swelling of smectites characterized by
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a hydration state <1W prior to exposure to and through-flow of dry CO2. Furthermore, for
intact Opalinus Claystone, a marked He permeability anisotropy of >3 orders of magnitude
was observed, with permeability along bedding being higher than perpendicular to bedding.
This anisotropy reduced to <3 orders of magnitude upon the introduction of CO 2, presumably
due to anisotropic swelling occurred preferentially in and normal to clay-rich sedimentary
laminations upon exposure to CO2.
Upon fracturing of the along-bedding Opalinus Claystone sample, it was exposed to
multiple series of permeability runs using water-saturated He, water-saturated CO2, liquid
H2O, water-saturated CO2, water-saturated He, dry CO2 and dry He. While fractured sample
permeability did not vary much between flow through of water-saturated CO2, water-saturated
He and CO2-saturated water, the introduction of large volumes of dry CO 2 caused a
permeability increase by up to 3 orders of magnitude. This reflects a desiccation effect of the
smectite interlayer and associated shrinkage plus porosity/permeability increase with the
Opalinus Claystone.
After dry He and dry CO2 flow-through, the simulated smectite gouge was tested using
alternating flow of variably-wet CO2 and finally dry CO2. Similar to the fractured Opalinus
Claystone sample, permeability measured using dry CO2 for air-dried (H<1W) simulated
smectite fault gouge was ~1 order of magnitude lower than measured using dry He.
Furthermore, alternating flow of water-saturated CO2, water-saturated CO2 and dry CO2 led
to a time dependent, but reversible, change in permeability by 1-2 orders. Mainly, this is
caused by a change in the activity of water dissolved in the CO2-rich fluids. These experiments
have shown that whether the permeability in smectite-bearing claystones increases or
decreases with continuous flow of CO2-rich fluid, depends on the water activity to which the
sample has been pre-equilibrated versus the water activity in the CO2 bearing fluid. Therefore,
water uptake or loss plays the dominate role in controlling change of permeability in smectitebearing claystone, with the CO2 having secondary effect through CO2-water-smectite
interactions.

6.1.4 Coupling of stress-strain-sorption
Investigation of the mechanical response of smectite clays upon interaction with CO 2
(Chapter 5) was done by performing oedometric stress-cycling experiments on two precompressed discs (~1mm thick) respectively made of Na-SWy-1 and Ca-SAz-1
montmorillonite, in presence of pore fluid pressure of He, Ar and CO 2 at 10MPa at a
temperature of 40°C. Cyclic stress steps in the range from 0.5–1.7 MPa to ~43MPa were
applied to each sample and showed reproducible and reversible stress-strain behaviour in all
stress cycling runs, for both Na- and Ca-bearing smectites and under air-dry conditions using
“wet” pore fluids as well as vacuum-dry conditions using dry (pure) pore fluids. However, in
the presence of (wet or dry) CO2, both samples exhibited 20-65% lower apparent stiffness
modulus (laterally confined) compared to an environment consisting of (wet or dry) He or Ar.
At the same time, relative swelling strain consistently decreased with increasing applied
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In Chapter 5, the thermodynamics-based Hol-Liu-Spiers model (Hol et al., 2012; Liu et
al., 2016), describing coupled stress-strain-sorption in coal, was fitted to the relative swelling
strain versus stress data obtained during stress cycling experiments (Chapter 5). The measured
swelling strain of the bulk smectite samples in equilibrium with CO2 and its variation in
response to applied effective stress were correlated to the concentration of CO2 absorbed onto
the clay material. The experimental data could be accurately described by the model.
Furthermore, values for key parameters, such as CO2 sorption capacity, sorbed concentration
and density of the adsorbed-phase CO2, were in broad agreement with independently
determined values reported in the literature. This suggests potential for applying such
thermodynamically based models to describe and predict the stress-strain-sorption behaviour
of smectite-CO2-water systems, though the model has yet to be improved to consider the
mutual interaction between CO2, H2O and smectites.

6.2 Implications for CO2 storage in clay-rich storage systems
The experimental work and modelling results presented in this thesis has shown that
CO2-induced swelling can develop stresses of several MPa’s. Furthermore, it has been
demonstrated that these swelling stresses can significantly impact the transport properties of
clay-bearing rock or gouge. This has a number of implications for CO 2 storage in reservoirs
sealed by clay-rich caprocks or in clay-rich storage systems.
The results of swelling stress measurements (Chapters 2 and 3) suggest that penetration
of smectite-bearing caprocks or faults by CO2 can lead to one of two different geo-mechanical
scenarios. First, if the rock matrix is saturated with low to moderate salinity brine, or
equilibrated with water at the activity of liquid present in the pores at depths of up to 2–3km,
then the hydration state of the clays is such that negligible swelling or swelling stress
development would be triggered by CO2 penetration. Though the exact in-situ hydration-state
(H) and d001 -spacing for these caprocks are unknown, we expect a hydration state within the
smectite consisting of 2 or more water layers (W) and a basal spacing of around 15.5 Å. These
hydration conditions, i.e. H≥2W, are believed to be prevalent in caprock systems overlying
many potential storage reservoirs, especially deep saline aquifers (Gaus, 2010).
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stress, being in the range of 1.5–5.5% for AD samples charged with wet CO2 versus wet
He/Ar, and only 0.5-1.8% relative swelling strain exhibited by the VD samples exposed to
dry CO2 versus He. This suggests that the mechanical response of pre-pressed smectites was
altered through CO2-smectite interactions, which influenced the equilibrium strain response
upon exposure to CO2. The reduction in apparent stiffness is most likely induced by stressdriven desorption of CO2 and/or H2O. Notably this occurred in a prominent time dependent
manner for air-dry samples exposed to wet pore fluid, while it appeared to be trivially time
dependent for vacuum-dry samples exposed to dry pore fluid. Overall, this reflects the effects
of coupling of stress-strain-sorption occurring in the smectite materials exposed to CO 2.

Second, for CO2 storage in depleted oil and gas reservoirs, the caprock may be partly or
completely gas-filled and hence under-saturated with water or containing water at subsaturated activity. In such a scenario, the <1W or <2W hydration states may be prevalent
within the smectite. Under these conditions, contact of CO2 with the smectite component of
the rock could potentially lead to swelling stresses of several to several tens of MPa,
depending on the volume of caprock penetrated by CO2, the mass fraction of the smectite clay
and the rigidity of the surrounding rocks.
If significant CO2-induced swelling can develop, then the resulting swelling stress will
add a compressive stress component to the in-situ stress field. This would be analogous to the
sealing effect of CO2 adsorption-induced swelling observed in coal seams (Hol et al., 2011
and 2012; Espinoza et al., 2014). Therefore, it is highly likely that the (local) swelling and
self-stressing effect caused by CO2 penetration into water-undersaturated smectite-bearing
caprock will lead to closure of pre-existing fractures and to an increase in the normal stress
component acting on fracture and fault surfaces. In turn, this may enhance sealing capacity
by reducing the permeability of the intact rock matrix and fractures, as well as increase the
stability of clay-rich fractures and fault zones, rather than degrading it. However, there is also
a possibility that swelling-induced shear stresses could promote fault reactivation and damage
development, particularly in zones where the caprock is already critically stressed.
In case of fractured and faulted clay-rich caprocks, the results of this study suggest that
three scenarios are possible regarding the impact of CO 2-H2O-smectite interactions on
transport properties under shallow subsurface conditions (T=40°C). In case of flow of
relatively wet CO2 along fractures/faults in smectite-bearing caprocks, initially equilibrated
with relative low pore water activity (i.e. activity of dissolved water > smectite interlayer
water activity), this will likely result in a self-sealing effect, as experiments showed up to 2–
3 orders permeability reduction. On the other hand, little effect will occur if the water
dissolved in the CO2 has a similar activity as water present in the interlayers of the smectite
component of the caprock (i.e. activity of dissolved water ≈ smectite interlayer water activity).
However, flow of relatively dry CO2 (i.e. activity of dissolved water < smectite interlayer
water activity) will result in smectite shrinkage, causing a self-enhancing feedback loop
thereby increasing the (local) permeability by 2–3 orders of magnitude. In the vicinity of an
injection well where a large amount of anhydrous CO2 is present during injection, such a selfenhancing feedback loop might cause progressive opening extension of pre-existing leakage
pathways, hence increasing the leakage hazard. By contrast, the self-enhancing shrinkagepermeability enhancing feedback loop observed for convective flow of anhydrous CO 2,
implies the potential for using anhydrous CO2 as a hydraulic fluid to control swelling-related
problems in hydraulic fracturing operations in clay-rich oil/gas reservoir formations when
using water-base hydraulic fluids.
Sorption of CO2 in smectite clays not only causes swelling stresses to develop and
impacts transport properties, but it also can contribute to the storage capacity of clay-bearing
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reservoirs (Busch et al., 2016; Song and Zhang, 2013). Previous CO2 sorption experiments
conducted on montmorillonite clays under hydrostatic CO2 pressure reported bulk sorption
capacities of smectite with respect to CO2 in the range of 380 to 900mol/m3 (Busch et al.,
2016; Rother et al., 2013). . For air-dry montmorillonite clay, the CO2 sorbed concentration
is predicted to be 0.47mmol/g, i.e. equivalent to 1058mol/m3, at a CO2 pressure of 10MPa,
40°C and an effective axial stress of ~0.5MPa. However, model predictions furthermore
suggest that CO2 sorption capacity of both Na- and Ca- montmorillonites, decreases
dramatically with increasing effective stress exerted on the clay. In addition, a negative effect
of increasing temperature on sorption capacity is predicted. Applying the thermodynamic
model for coupling stress-strain-sorption by Hol, Liu and Spiers (Hol et al., 2012; Liu et al.,
2016) to clays suggests that for typical upper crustal geothermal and lithostatic stress gradients
that positive contributions to CO2 storage capacity by sorption onto smectites are likely to be
prominent only at shallow depths, where the temperature and lithostatic stress are relatively
low. For example, at depth <1.5–2 km (i.e. T<60°C and σe<25MPa), bulk sorption capacity
of >500mol/m3 can be pertained by the smectite clays. However, the storage capacity
contributed by the uptake of CO2 by smectite will become negligible, i.e. decreasing to <20%
of that, at depth of more than 3 km. As demonstrated in Chapters 2 and 3, the magnitude of
changes in stress-strain states induced by CO2 sorption decreases with increasing burial depth
(i.e. with increasing effective stress and temperature). However, the impact of burial depth on
CO2 sorption-induced changes in transport properties needs to be further studied.

6.3 Suggestions for further research
The results of the experimental work presented in this thesis have addressed the stressstrain-sorption behaviour of smectites clays due to interactions with CO 2 and preliminarily
examined how coupling of these processes might impact the sealing efficiency of clay-rich
caprocks and faults overlying CO2 storage reservoirs. Although a substantial amount of new
experimental data has been obtained, some questions have not been answered and new
problems were identified. Moreover, the study has also included several shortcomings in
experimental methods and set-ups and involved a few assumptions in modelling work. In the
following, these issues are briefly discussed and potential directions for further study are
identified.
1. Uniaxial compression experiments reported in this study, including swelling stress
measurements (Chapters 2 and 3) and stepwise stress cycling runs (Chapter 5), were mainly
performed on samples derived from Na-SWy-1 and Ca-SAz-1 montmorillonites. We targeted
these two types of montmorillonites because they are common members of smectite clays and
have been well-characterised in previous studies. The montmorillonites have the highest
(water adsorption-induced) swelling capacities among the smectite clays, hence the swelling
stresses (and strains) reported in the present study might also represent the maximum swelling
effect that can be developed in smectites upon exposure to CO2. On the other hand, other types
of less-swelling smectites, such as hectorite and vermiculite, have also been identified to
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uptake CO2 and exhibit swelling under hydrostatic CO2 pressure and P-T conditions relevant
for CO2 storage. In addition, it is suggested in Chapter 3 that non-swelling clays (e.g. illite)
are able to swell and produce coupling stress-strain-sorption effects due to exposure to CO2.
This means that further experimental studies, similar to those conducted in this study, should
be extended to include a wider range of clay minerals, thus obtaining a more complete dataset
of swelling clays. This is needed to achieve better constraints and predictions of the impacts
of the stress-strain-sorption coupling on the sealing integrity of clay-rich caprock with a
variety of clay components.
2. According to the present study, the self-stressing effects and the effect of CO2 flow
on the permeability of clay-rich rocks and gouges are highly dependent on the activity of
water in the CO2-rich fluid versus the initial hydration state of the clay matrix/gouge. Our
experimental study only probed three hydration states, i.e. vacuum dry, air-dry and water
saturated. The range of relative humidity condition we used covers what can be expected in
the subsurface, but might deviate from the true hydration states of specific storage reservoirs.
In such cases, our experimental results can only be qualitatively applied to the subsurface
storage systems. Therefore, the role of water activity in the CO 2-water-smectite interactions
should be further investigated by additional experiments performed on samples preequilibrated with various relative humidities and using CO2 fluid with varying water content.
3. Flow-through runs performed on the OPA claystone and smectite-simulated gouge
(Chapter 4) quantitatively constrained the effect of dry and wet CO2 flow on the permeability
evolution of clay-rich rocks and fault-filled gouge. Up to 1-2 orders of magnitude changes in
permeability were observed in the clay-rich samples after alternating exposure to dry and
(variably) wet pore fluids, which was interpreted to be related to the water activity in the fluid,
compared to the water activity in the clay under different clay hydration and fluid saturation
conditions. However, some of the interpretations cannot be confirmed due to lack of evidence.
Further experimental study on this topic are suggested, by combining permeability
measurements with techniques that can monitor changes in sample structure, pore-network
and fracture morphology (e.g. micro CT) and that can detect compositional change of the
sample material (e.g. FTIR and XRD). With such techniques, will enable us to identify and
distinguish the mechanisms involved in reactive transport and to quantify their contributions
to the observed permeability changes.
4. Predicted sorbed CO2 concentration of smectite, combining the Hol-Liu-Spiers model
with experimental results, suggests that CO2 sorption by clay-rich reservoir formations could
positively contributed to the storage capacity, as has also been proposed in the literature. On
the other hand, the Hol-Liu-Spiers model also predicts that the CO2 sorption capacity of
smectite decreases with increasing effective stress and temperature. However, little
experimental data exists on the sorption capacity of clay minerals with respect to CO 2, making
it difficult to validate our model prediction and accurately estimate the contribution of clay
sorption to overall storage capacity under subsurface lithostatic and thermal conditions.

212

General conclusions and suggestions for further research
Hence, it is suggested that sorption experiments on smectite clay are performed under realistic
in-situ conditions to close this gap and aid model validation.

6. The swelling strain versus stress data obtained in cyclic stressing experiments can be
accurately described by the Hol-Liu-Spiers model. While, the key parameters derived by
fitting the Hol-Liu-Spiers model to smectite experimental data are in broad agreement with
previous experiments, differences between our derived parameters and previous experimental
data could have arisen from assumptions made in applying the Hol-Liu-Spiers model to our
experimental data. Such assumptions included the independent ad/de-sorption of CO2 and
H2O and the use of the same physical parameters for sorption in external surface and interlayer
sorption sites. In the future, it is essential to extend the Hol-Liu-Spiers model, taking into
account the interdependencies and competitions of CO2 and H2O adsorption, in order to
establish a constructive model that can link CO2/H2O adsorption to the bulk physiomechanical properties of the swelling clays, which can be further employed in reservoir-scale
simulation.
7. In the present study, we focused on the effect of CO2-smectite interactions and used
CO2 as the only pore fluid phase of interest. However, in the case of CO 2 enhanced gas
recovery and CO2 storage in hydrocarbon reservoirs, the interactions between CO 2 with CH4
and H2O and the stress-strain-sorption behaviour of clay-rich rocks upon exposure to mixtures
of CO2, CH4 and H2O phases has yet to be investigated in the future.
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5. Exposure to and adsorption of CO2 was found to cause a reduction in apparent
stiffness modulus of pre-compacted smectite aggregates (Chapter 5), similar to what is seen
in coal materials exposed to CO2. In coal, it is known that CO2 adsorption induces a decrease
in elastic modulus, accompanied by lowering of the unconfined compressive strength (Viete
and Ranjith, 2007, 2006; Espinoza et al., 2015). In analogy, such weakening effect observed
for coal might also occur in smectite-rich material, which should be verified through
experimentation.
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