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Summary

Summary
Carbon Capture and Storage (CCS), involving the capture of CO2 at large point
sources, such as power plants, followed by transport to and long-term storage
in depleted hydrocarbon reservoirs or saline aquifers, remains a key option for
reducing CO2 emissions while fossil fuel use continues. For geological storage to
be effective, the injected CO2 must remain confined to the target reservoir by a
suitable topseal or caprock formation. However, the wellbores needed to
access the reservoir inevitably penetrate the natural caprock seal, forming
obvious pathways for potential leakage of CO2. Moreover, the artificial barriers
emplaced during wellbore completion and abandonment, to prevent unwanted
fluid migration, typically consist of low carbon steel casing plus Portland-based
cement, both of which are prone to chemical attack by CO2-rich fluids.
Wellbores also experience changes in temperature and stress state during CO2
injection, which in turn can lead to the development of mechanical damage,
such as fractures in cement seals or debonding at material interfaces, thereby
creating pathways for CO2-rich fluids to penetrate the wellbore. This study
addresses the effects of mechanical damage and chemical alteration, and of
their interplay, on the transport properties of fractured cement and of casingcement interfaces, which present widely perceived leakage risks. The
possibility of using CaO-based materials to help mitigate wellbore leakage is
also considered.
Chapter I describes the motivation and scope of this study and includes a brief
introduction to wellbore design and construction, and to the key wellbore
barriers used to inhibit leakage of CO2. Relevant previous work regarding the
potential effects of CO2-rich fluids is summarized, and knowledge gaps are
identified. Chapter I is concluded by defining the specific aims of the study.

In Chapter II, the effect of CO2-induced chemical reactions on the mechanical
properties of fractured wellbore cement is investigated. Chemical alteration of
the cement exposed in fracture walls may affect its mechanical strength, either
facilitating or impeding further damage accumulation. The potential for such
chemical-mechanical effects was evaluated by performing conventional triaxial
compression tests on cylinders of API-ISO Class G HSR Portland cement. The
15
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experiments were conducted at 80 °C and effective confining pressures of 1 to
25 MPa. Samples that failed on localised fractures were subsequently reacted
with CO2-rich fluids for six weeks (80 °C, applied pressure ~12 MPa), and then
subjected to a second triaxial compression test, to assess changes in mechanical
properties. Baseline yield and failure criteria were constructed for unaltered
cement, using results from the initial phase of deformation. The experiments
revealed a strong tendency for irreversible compaction upon increase in
effective mean stress. Accordingly, reversals in the wellbore stress-path, i.e.
loading followed by unloading, should be avoided, as cement plugs and sheaths
will be unable to accommodate re-expansion upon unloading. It is therefore
essential that the irrecoverable compaction behaviour observed in our
experiments is included in geomechanical analyses of cement sheath and plug
integrity. Data from the initial phase of deformation further allowed delineation
of the stress conditions where unaltered cement is most susceptible to the
formation of (permeability-enhancing) shear factures.

Once shear-fractures formed, subsequent reaction with CO2-rich fluids did not
produce further mechanical weakening. Instead, upon retesting after batch
reaction, we observed the reappearance of a peak-strength (up to 83%
recovered) and increased frictional strength in the post-failure regime (by 1540%). Microstructural observations indicate that this re-strengthening was due
to carbonate precipitation in the fractures. The results imply more or less
complete mechanical healing of fractured cement on timescales of the order of
months, and further that CO2-induced self-sealing (permeability reduction) of
the fractures is unlikely to be negated by enhanced dynamic reopening.

Chapters III to V focus on the casing-cement interface. In Chapter III, the
geochemistry of cement-steel-CO2-brine systems, plus the effect of reactions
between these components on the transport properties of debonding defects at
casing-cement interfaces, is investigated under near-static conditions. Here,
debonded casing-cement interfaces were simulated using composite samples,
consisting of cement and steel plates separated by a spacer-imposed aperture.
The samples were exposed to CO2 and a variety of aqueous solutions, in batch
reaction experiments conducted at 80°C and 14 MPa applied pressure. Each
sample experienced multiple consecutive batch reaction runs (six runs of 5
days each, plus one of 42 days), with the apparent sample permeability being
measured after each run. Reaction-induced changes in permeability were less
16
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than 1 order in all samples, and occurred in the first 5 to 10 days.
Microstructural and microchemical analysis showed that corrosion scale (iron
carbonate) films formed on both the cement and steel surfaces. By contrast,
calcium carbonate precipitates were found only on the cement beneath the gapspacers, where no corrosion scale film formed. The results suggest that the
formation of corrosion scale films on the cement-side of interfacial defects
leads to inhibition of both calcium carbonate precipitation and the self-sealing
effects widely observed in fractured cement. If thin corrosion scale films of the
type observed here form in real wellbores, then this may inhibit self-sealing of
interfacial defects that have apertures larger than can be clogged by corrosion
scale formation alone (a few tens of micrometres). Accordingly, the effects of
corrosion scale formation should be considered in analyses of leakage
pathways for CO2 at casing-cement interfaces.

In Chapter IV, investigation into the effects of CO2-bearing fluids on the
transport properties of debonding defects and voids at casing-cement
interfaces is continued and extended to include the impact of reactive transport
and long-range geochemical gradients. The work reported involved four
reactive flow-through experiments performed on simulated wellbore systems,
consisting of coiled, cement-filled steel tubes measuring 1.2 to 6.0 m in length.
Sample preparation involved the injection of API-ISO Class G HSR Portland
cement into low carbon steel tubes (inner diameter 6-8 mm), followed by
curing for 6-12 months. The tubes were then pressurized to permanently
inflate them off the hardened cement core, creating debonded cement-steel
interfaces. The experiments were performed by immersing the coiled samples
in an oil bath at 60-80 °C, imposing unidirectional flow-through of CO2-rich
water at mean pressures of 10-15 MPa, while controlling the applied pressure
difference at 0.12-4.8 MPa and measuring flow-rate. The results showed much
larger reaction-induced permeability changes than those observed in the
cement-steel experiments reported in Chapter III, with apparent sample
permeability decreasing by 2 to 4 orders. Microstructural and microchemical
observations revealed that the permeability reduction was associated with
downstream precipitation of calcium carbonates, possibly aided by reactionassisted migration of fines. Compared to the experiments reported in Chapter
III, the role of corrosion scale (iron carbonate) film formation was found to be
minor. Possible explanations are discussed. The data presented demonstrate
that flow and reactive transport phenomena on the metre-scale can
17
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significantly enhance self-sealing of defects along casing-cement interfaces.
Considering the 10s to 100s of meters of cement employed in real wellbore
seals, this provides confidence that small defects, such as those created by
autogenous shrinkage of the cement during hydration and hardening, can selfseal. However, the work also demonstrates that self-sealing is strongly
dependent on the aperture of the defects. Larger defects (>50 μm) may show a
reduction in permeability, but do not necessarily attain an impermeable state.
More work is needed to assess their long-term behaviour.

In Chapter V, a numerical model is developed to further study the coupling
between reaction and transport in CO2-exposed wellbore interfaces, on lengthscales similar to those of the coiled tube experiments reported in Chapter IV.
The modelling formulation adopted incorporates fluid flow, and advective and
diffusive solute transport, as well as a simplified scheme to represent chemical
reactions between CO2 and cement. Reactions with the steel were not included
as no evidence was found for these in the coiled tube experiments . The reactive
transport simulations showed that the downstream evolution of interfacial
defects and the extent of chemical alteration of the cement matrix both strongly
depend on the interplay between flow and reactive solute transport. Localised
precipitation of calcium carbonates rapidly decreased the flow rate in initially
open apertures, producing a transition from advection-dominated to diffusiondominated reactive transport. This, in turn, caused low pH conditions, created
by the inflow of CO2-rich fluid, to gradually become more and more confined to
the upstream end of the model domain. We investigated the effects of a)
reaction kinetics, b) the initial portlandite content of the cement, and c) the
porosity and permeability of the reaction products, on the extent of cement
alteration and apparent permeability evolution. The modelling results were
subsequently compared with observations from the reactive flow-through
experiments of Chapter IV. While the simulations successfully reproduced the
main effects of carbonate precipitation and permeability decrease, the selfsealing behaviour and permeability evolution occurring within metre-scale
domains were found to be strongly affected by non-uniformity in the initial
defect aperture. On this basis, we conclude that, in order to obtain reliable
upscaling relations for use in full, wellbore-scale analyses of CO2 leakage and
sealing integrity evolution, defects with variable apertures need to be
incorporated in reactive transport models.
18
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Where the work presented in Chapters II to V focuses on the self-repairing
(healing/sealing) ability of fractured cement and debonding defects at casingcement interfaces, Chapter VI addresses a potential method for use in leak
mitigation or wellbore abandonment, i.e. for achieving wellbore sealing in cases
where self-repair is predicted or found to be inadequate. Using conventional
methods, leakage that occurs outside of the wellbore casing is generally difficult
to remediate. A possible approach is to expand the steel casing pipe, thereby
closing annular voids and fractures around it, and stabilizing the cement sheath
by placing it in compression (cf. Chapter II). However, such expansion,
especially of the casing types employed in legacy wellbores, requires large
internal stresses to be developed. In Chapter VI, chemical reactions that involve
a solid volume increase and produce a so-called force of crystallisation (FoC)
are considered as potential expansion agents. First, a thermodynamic model
for FoC development during confined reaction is developed, focusing on CaO
hydration. This indicates that CaO hydration is theoretically capable of
producing swelling stresses in the GPa range. We go on to report uniaxial
compaction/expansion experiments, performed in an oedometer-type
apparatus on precompacted CaO powder, at 65 °C and at atmospheric pore fluid
pressure, aimed at directly measuring and experimentally validating the
maximum achievable stress. Our results showed the development of FoCinduced stresses of up to 153 MPa, with reaction stopping or slowing down
before completion. This shortfall compared to the GPa stresses predicted by
thermodynamic theory is attributed to competition between FoC development
and its inhibiting effect on reaction progress. Microstructural observations
suggest that reaction-induced stress development causes the shutdown of
transport paths for water into the sample, thereby impeding further reaction
and limiting the magnitude of stress build-up to the values observed.
Nevertheless, these initial results are promising and point the way to
understanding the behaviour of such systems and to finding engineering
solutions that may allow larger, controlled stresses and strains to be achieved.
Finally, in Chapter VII, the main conclusions that can be drawn from the work
reported are revisited, and a brief synopsis is given of the implications for
wellbore integrity in geological storage systems for CO2. The most important
findings are highlighted as a) Static reaction of fractured cement with CO2-rich
fluids induces significant mechanical healing, inhibiting reactivation and
dynamic reopening of the fractures, thereby potentially counteracting the
19
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development of more continuous pathways for CO2 leakage. b) During flow of
CO2-rich fluids, long-range reactive transport processes, such as upstream
dissolution of cement phases, followed by downstream precipitation of
carbonates, significantly contribute to the reactive self-sealing of wellbore
flaws, such as debonding defects at casing-cement interfaces. However, the
potential for self-sealing is found to depend strongly on the initial aperture and
initial geometry of the defects involved. c) When CaO hydrates to form Ca(OH)2
under confined conditions, this chemical reaction is capable of producing large
stresses, in the 150-175 MPa range. As such, there may be scope for use of CaO
hydration, to achieve reaction-induced casing expansion, which in turn could be
applied as a remediation method for CO2 leakage that occurs outside of the
wellbore casing. In addition, remaining questions and challenges ahead are
identified as potential directions for future research, and suggestions are made
on how to address some of these issues.
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Samenvatting

Samenvatting
CO2-afvang en -opslag (vaak afgekort als CCS, naar het Engelse “Carbon Capture
and Storage”) omvat het afvangen van CO2 bij grote puntbronnen zoals
energiecentrales, gevolgd door transport naar en ondergrondse opslag in
geologische formaties zoals lege olie- en gasvelden of diepe aquifers. Dergelijke
langetermijnopslag stelt ons in staat om uitstoot van CO2 naar de atmosfeer te
beperken gedurende de periode waarin het gebruik van fossiele brandstoffen
noodzakelijkerwijs voortduurt en meer duurzame alternatieven worden
ontwikkeld. De effectiviteit van CCS is echter sterk afhankelijk van het
vermogen om de CO2 na injectie binnen het beoogde opslagreservoir vast te
houden. Helaas reageert CO2 met de meeste reservoirgesteenten langzaam en
in slechts geringe mate, wat de capaciteit voor opslag in vaste, immobiele vorm
via mineraalprecipitatie sterk beperkt. Naar alle waarschijnlijkheid zal het
leeuwendeel van de geïnjecteerde CO2 daarom, zelfs na honderden jaren, in de
poriënruimte van het reservoirgesteente aanwezig blijven, hetzij als
superkritische vloeistof, of als opgeloste stof in het formatiewater. Deze
langdurige mobiliteit van de CO2 maakt stratigrafisch-structurele opsluiting
onder een ondoorlatend afdekgesteente of “caprock” essentieel voor
succesvolle geologische opslag.

Boorputten dienen als toegang tot het opslagresevoir, maar vormen ook door
de mens gemaakte transportpaden door het natuurlijke afdekgesteente. Dit
maakt boorputten prominente en relatief directe routes voor potentiële lekkage
van CO2. Bovendien bestaan de barrières die traditioneel in boorputten worden
aangelegd om ongewenste vloeistofmigratie langs het boorputtraject tegen te
gaan voornamelijk uit staal en Portland cement. Beide materialen zijn erg
gevoelig voor chemische aantasting door CO2-rijke vloeistoffen. Verder zal
injectie van CO2 leiden tot veranderingen in de temperatuur en mechanische
spanningstoestand van de aanwezige (oude) boorputten, zelfs als deze zich op
enige afstand van het injectiepunt bevinden. Zulke veranderingen in de
boorputomgeving kunnen leiden tot structurele schade, zoals scheuren of
breuken in cementpluggen en -omhulsels, of ontkoppelingsdefecten op
materiaalgrensvlakken van staal, cement en gesteente. Zulke beschadigingen
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dienen op hun beurt als mogelijke paden waarlangs CO2-rijke vloeistoffen de
boorput kunnen binnendringen en vervolgens chemisch aantasten.

Het in dit proefschrift gerapporteerde onderzoek richt zich op de effecten van
mechanische schade en chemische omzetting (en hun samenspel) op de
transporteigenschappen van gebroken cement en ontkoppelde staal-cement
grensvlakken, welke beide bekend staan als risicovol voor lekkage. Verder
wordt de mogelijkheid onderzocht om op metaaloxiden gebaseerde materialen
te gebruiken bij het verhelpen van lekkages.

Hoofdstuk I schetst de motivatie en het toepassingsgebied voor deze studie, en
geeft korte beschrijvingen van de opbouw van boorputten en wat daarbij de
belangrijkste barrières zijn die worden aangelegd tegen ongewenste vloeistofmigratie langs het boorputtraject. Hoofdstuk I bevat voorts een samenvatting
van eerder onderzoek naar de potentiële effecten van CO2-rijke vloeistoffen op
boorputintegriteit. Hierbij wordt stilgestaan bij belangrijke tekortkomingen in
de huidige kennis. Tenslotte worden de doelstellingen van de in dit proefschrift
gerapporteerde onderzoek gedefinieerd.

In Hoofdstuk II wordt het effect van door CO2 veroorzaakte chemische reacties
op de mechanische eigenschappen van gebroken cement onderzocht.
Chemische alteratie van cement dat in scheuren of breuken is blootgesteld aan
CO2-rijke vloeistoffen kan de mechanische sterkte van cementpluggen en
omkleedsels beïnvloeden, wat op haar beurt verdere structurele schade aan
boorputten zou kunnen vergemakkelijken of juist tegengaan. De mogelijke
invloed van dergelijke gekoppelde, chemisch-mechanische effecten is
geëvalueerd door middel van conventionele tri-axiale compressietests,
uitgevoerd op cilindrische teststukken van API-ISO Klasse G HSR Portland
cement. De experimenten zijn verricht bij 80 °C en effectieve alzijdige drukken
van 1 tot 25 MPa. Geselecteerde teststukken die bezweken waren langs
breuken zijn vervolgens gedurende zes weken bij 80 °C en onder een totale
vloeistofdruk van ongeveer 12 MPa blootgesteld aan reactie met CO2-rijke
vloeistof. Veranderingen in de mechanische eigenschappen van de gereageerde
teststukken zijn daarna bepaald door deze opnieuw aan een tri-axiale
compressietest te onderwerpen.
Op basis van data verkregen uit de eerste serie tri-axiale compressietests
konden verbanden worden opgesteld voor de vloeisterkte en druksterkte van
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aanvankelijk onaangetast cement. De experimenten laten zien dat cement
gemakkelijk onomkeerbaar (onelastisch) compacteert wanneer de gemiddelde
effectieve spanning toeneemt. Het is daarom belangrijk dat wisselingen
(toenames in alzijdige druk, gevolgd door afnames) in de spanningstoestand
van boorputten zo veel mogelijk worden voorkomen, omdat cementpluggen en
–omhulsels een her-expansie ten gevolge van drukontlasting niet zullen kunnen
accommoderen. Met behulp van de resultaten van de eerste serie tri-axiale
compressietests is voorts onderzocht onder welke mechanische
spanningstoestanden cement gevoelig is voor vorming van doorlatendheidverhogende schuifbreuken.
Nadat schuifbreuken in het cement waren gevormd, veroorzaakte chemische
reactie met CO2-rijke vloeistoffen geen verdere mechanische verzwakking.
Integendeel, bij het her-belasten van de met CO2 gereageerde teststukken is
opnieuw een pieksterkte (tot 83% hersteld) geregistreerd en een toename in
residuele schuifsterkte (met 15 tot 40%) waargenomen. Microstructurele
observaties geven aan dat deze versterking vermoedelijk een gevolg is van
carbonaatmineralisatie in de breuken. De resultaten suggereren dat de sterkte
van gebroken cement min of meer volledig kan herstellen op tijdschalen in de
orde van maanden. Dit maakt het onwaarschijnlijk dat afnames in de
doorlatendheid van gebroken cement, veroorzaakt door chemische reactie met
CO2-rijke vloeistof, zullen worden tenietgedaan door mechanische verzwakking
en gemakkelijkere dynamische heropening van de breuken.

Hoofdstukken III, IV en V concentreren zich op de materiaalgrensvlakken
tussen de stalen behuizing en omliggende cementpluggen en -omkleedsels in
boorputten, ook wel staal-cement grensvlakken genoemd. In Hoofdstuk III
worden de geochemie van cement-staal-CO2-formatiewater systemen en het
effect van chemische reacties op de transporteigenschappen van
ontkoppelingsdefecten langs staal-cement grensvlakken onderzocht, en wel
onder (bijna) statische reactie-omstandigheden. Ontkoppelde staal-cement
grensvlakken zijn in deze studie gesimuleerd met behulp van samengestelde
teststukken, bestaande uit staal- en cementplaatjes welke uit elkaar werden
gehouden door inerte afstandsstroken. De teststukken zijn blootgesteld aan CO2
en verschillende waterige oplossingen, in batchreactor-experimenten
uitgevoerd bij 80°C en een vloeistofdruk van 14 MPa. Ieder teststuk heeft een
reeks van meerdere, opeenvolgende batchreactor-reactieperioden ondergaan
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(zes van vijf dagen elk, plus één van tweeënveertig dagen), waarbij de
schijnbare doorlatendheid van de teststukken na iedere reactieperiode
opnieuw is bepaald.

De veranderingen in doorlatendheid veroorzaakt door chemische reactie waren
minder dan één orde van grootte in alle teststukken en vonden plaats
gedurende de eerste vijf tot tien dagen. Microstructurele en microchemische
observaties laten zien dat corrosiekorstlagen (voornamelijk ijzercarbonaat,
plus ijzerhydroxide) zijn gevormd op zowel de blootliggende staal- als
cementoppervlakken. Daarentegen zijn precipitaten van calciumcarbonaat
vrijwel uitsluitend aangetroffen op het cement onder de inerte afstandsstroken,
waar zich geen corrosiekorstlaag vormde. De resultaten suggereren dat
formatie van corrosiekorstlagen op de cementzijde van ontkoppelde staalcement grensvlakken kan leiden tot onderdrukking van de precipitatie van
calciumcarbonaat, alsook van het zelfverdichtingseffect dat in eerdere studies is
geobserveerd tijdens reactie van gebroken cement met CO2.

Indien dunne corrosiekorstlagen van het hier geobserveerde type zich ook in
echte boorputten vormen, dan zou dit kunnen leiden tot onderdrukking van het
zelf-herstel van ontkoppelingsdefecten langs staal-cement grensvlakken, zeker
wanneer deze een apertuur hebben die groter is dan wat met het
corrosieproduct zelf kan worden opgevuld (enkele tientallen micrometers). In
het kader van deze bevindingen is het belangrijk dat de mogelijke effecten van
de vorming van een corrosiekorstlaag worden meegenomen in gedragsanalyses
van CO2-lekpaden langs beschadigde staal-cement grensvlakken.

Het onderzoek naar effecten van CO2-rijke vloeistoffen op de
transporteigenschappen van ontkoppelingsdefecten langs staal-cement
grensvlakken wordt voortgezet in Hoofdstuk IV, waar de invloed van reactief
transport-condities en geochemische gradiënten wordt onderzocht. Het hier
gerapporteerde werk beslaat vier reactieve doorstromingsexperimenten,
verricht op gesimuleerde boorputsystemen bestaande uit met cement gevulde,
opgerolde stalen buizen van 1.2-6.0 m lengte. De teststukken zijn geprepareerd
door API-ISO Klasse G HSR Portland cement in stalen buizen (binnendiameter
6-8 mm) te injecteren en zes tot twaalf maanden te laten uitharden. Vervolgens
zijn de stalen buizen met behulp van interne waterdruk permanent opgerekt,
waardoor deze loslieten van het cement, om zo ontkoppelingsdefecten langs
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het staal-cement grensvlak te creëren. De doorstromingsexperimenten zijn
uitgevoerd door de teststukken eenzijdig aan CO2-rijk water bloot te stellen, het
drukverschil over de teststukken te variëren van 0.12 tot 4.8 MPa, en
veranderingen in de pompvolumes te monitoren. De temperatuur en
gemiddelde vloeistofdruk van de experimenten waren 60-80 °C en 10-15 MPa.

In vergelijking met de batchreactor-experimenten van Hoofdstuk III laten de
doorstromingsexperimenten veel grotere veranderingen in permeabiliteit zien.
In alle vier teststukken is de schijnbare doorlatendheid tijdens reactief CO2transport met twee tot vier ordes van grootte afgenomen. Op basis van
microstructurele en microchemische observaties konden deze afnames in
verband worden gebracht met benedenstroomse precipitatie van calciumcarbonaatmineralen, mogelijk ondersteund door migratie en opeenhoping van
fijne deeltjes welke door reactie losgeraakt waren. Vergeleken met de in
Hoofdstuk III gerapporteerde experimenten was hier de rol van corrosiekorstvorming (ijzercarbonaat precipitatie) zeer beperkt.

De doorstromingsexperimenten laten zien dat advectie en reactief-transportverschijnselen die optreden op grotere lengteschalen het zelf-herstelgedrag van
ontkoppelingsdefecten langs cement-staal grensvlakken significant kunnen
bevorderen. Cementpluggen en -omhulsels in echte boorputten hebben
doorgaans een lengte van tientallen tot honderden meters. De hier verkregen
resultaten wijzen er dus op dat kleine openingen langs staal-cement
grensvlakken, zoals welke waarschijnlijk worden veroorzaakt door krimp
tijdens het uitharden van cement, zichzelf in de aanwezigheid van CO2-rijke
vloeistoffen kunnen afdichten. De doorstromingsexperimenten tonen echter
ook aan dat het zelf-herstellend vermogen van ontkoppelingsdefecten sterk
afhankelijk is van de initiële apertuur. Beschadigingen van >50 μm breed
kunnen een afname in doorlatendheid laten zien, maar bereiken niet
noodzakelijkerwijs een ondoorlatende staat. Meer onderzoek is nodig om het
langetermijngedrag van dergelijke ontkoppelingsdefecten te bepalen.

In Hoofdstuk V wordt een numeriek model gepresenteerd dat het mogelijk
maakt om reactief transport van CO2 in ontkoppelingsdefecten verder te
bestuderen, op een lengteschaal vergelijkbaar met de doorstromingsexperimenten van Hoofdstuk IV. Het gebruikte model omvat formuleringen
voor vloeistofstroming en advectief-diffusief transport van opgeloste stoffen,
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alsook een simpel reactieschema om chemische interacties tussen CO2-rijk
water en cement te simuleren. De CO2-staal chemie is niet in de
modelformulering opgenomen, omdat vorming van corrosiekorstlagen in de
doorstromingsexperimenten van Hoofdstuk IV slechts een zeer beperkte rol
lijkt te hebben gespeeld.

De uitgevoerde reactief-transportsimulaties laten zien dat de benedenstroomse
ontwikkeling van grensvlakdefecten en de mate van chemische omzetting in de
cementmatrix beide sterk afhankelijk zijn van het samenspel tussen chemische
reactie en transport van de opgeloste stof. In de simulaties leidde precipitatie
van carbonaatmineralen tot een snelle afname van de stroomsnelheid in de
aanvankelijk open grensvlakdefecten, waardoor een overgang van advectiegecontroleerd naar diffusie-gecontroleerd reactief transport kan plaatsvinden.
Hierdoor worden zure condities, veroorzaakt door het binnenstromen van CO2rijke vloeistof, geleidelijk aan beperkt tot het bovenstroomse uiteinde van het
modeldomein. Met behulp van het model zijn de effecten van a) reactiekinetiek,
b) initiële portlandiet-inhoud van het cement en c) porositeit en permeabiliteit
van de reactieproducten op de permeabiliteitsontwikkeling en mate van
cementalteratie onderzocht. Vervolgens zijn de simulaties vergeleken met data
van één van de doorstromingsexperimenten van Hoofdstuk IV.
Hoewel de belangrijkste effecten van carbonaatprecipitatie en afname in
schijnbare doorlatendheid succesvol konden worden gereproduceerd, bleek
ook dat het zelf-herstelgedrag sterk beïnvloed wordt door variabiliteit in de
initiële apertuur van het ontkoppelingsdefect. Het is daarom belangrijk dat in
boorput-schaal modellen en integriteitsanalyses beschadigingen met variabele
apertuur worden meegenomen, omdat anders geen betrouwbare opschalingsrelaties kunnen worden verkregen.

Terwijl de voorgaande hoofdstukken zich richten op mogelijkheden voor zelfherstel (versterking en verdichting) van gebroken cement en ontkoppelingsdefecten langs staal-cement grensvlakken, wordt in Hoofdstuk VI gekeken
naar een mogelijke methode om boorputintegriteit te verkrijgen in gevallen
waar zelf-herstel niet kan worden gegarandeerd. Het is in het algemeen lastig
en duur om met traditionele middelen lekkages te verhelpen, zeker wanneer
deze buiten de stalen behuizing om plaatsvinden. Een potentiële oplossing is
het mechanisch oprekken en vergroten van de buisdiameter, om zo holtes en
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breuken in het omliggende cement dicht te drukken. Echter, om een dergelijke
oprekking te bewerkstelligen moeten grote interne spanningen kunnen worden
aangelegd, zeker voor het buizenstaal zoals gebruikt in oudere boorputten. In
Hoofdstuk VI wordt onderzocht of chemische reacties waarbij een toename in
het vaste stofvolume ontstaat en die een zogenaamde kristallisatiekracht (FoC,
naar het Engelse “Force of Crystallisation”) produceren zouden kunnen dienen
als expansiemiddel.

In het eerste gedeelte van Hoofdstuk VI wordt een thermodynamisch model
ontwikkeld voor de maximale kristallisatiekracht die kan worden opgebouwd
door chemische reactie onder condities waarbij toename in vaste stof volume
volledig onderdrukt wordt. Toepassing van dit model op hydratie van calcium
oxide (CaO) laat zien dat deze reactie, in theorie, in staat is om spanningen in de
orde van enkele GPa te genereren. Vervolgens is er een serie uni-axiale
compactie/expansie-experimenten uitgevoerd, om aan de hand van directe
metingen validatie van de maximaal haalbare kristallisatiekracht te verkrijgen.
De experimenten zijn verricht op voorgecompacteerd CaO poeder in een
oedometer-type apparaat, bij 65 °C en een atmosferische poriënvloeistofdruk.

In de experimenten zijn door kristallisatiekracht gegenereerde spanningen van
153 MPa bereikt, waarbij steeds chemische reactie stopte of sterk vertraagde
voordat alle CaO was gehydreerd. Deze tekortkoming ten opzichte van de
theoretische voorspellingen wordt toegeschreven aan een competitie tussen de
opbouw van kristallisatiekracht en het onderdrukkende effect van die opbouw
op het verdere reactieproces. De microstructuren suggereren dat spanningsopbouw in de hydrerende monsters leidt tot afdichting van vloeistoftransportpaden. Door de toegang voor water af te sluiten wordt verdere
hydratie sterk bemoeilijkt, hetgeen de maximale opbouw van kristallisatiekracht beperkt heeft tot de experimenteel gevonden waarden. De verkregen
resultaten zijn desondanks bemoedigend en verschaffen een beter begrip van
het gedrag van kristallisatiekracht-genererende systemen. Verdere uitbouw
van deze kennis wijst mogelijk de weg naar technische oplossingen voor het
hier waargenomen transport-limitatieprobleem, zodat in de toekomst grotere,
controleerbare spanningen kunnen worden behaald.
In Hoofdstuk VII tenslotte worden de hoofdconclusies van het hier beschreven
onderzoek samengevat en een beknopte omschrijving gegeven van de
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implicaties voor boorputintegriteit in geologische opslagsystemen voor CO2. De
belangrijkste bevindingen zijn: a) Chemische reactie van gebroken cement met
CO2-rijke vloeistoffen onder (bijna-) statische condities leidt tot significante
mechanische versterking. Dit verhindert dynamische heropening van breuken,
wat de ontwikkeling van meer continue lekpaden voor CO2 helpt tegengaan en
voorkomen. b) Langeafstandstransport-verschijnselen tijdens doorstroming
met CO2-rijke vloeistoffen, zoals het in oplossing gaan van cementfasen
bovenstrooms gevolgd door precipitatie van carbonaatmineralen benedenstrooms, dragen in belangrijke mate bij aan het zelf-herstel van beschadigingen
in boorputten, zoals ontkoppelingsdefecten langs staal-cement grensvlakken.
Het zelf-herstellend/verdichtend vermogen blijkt echter ook sterk afhankelijk
van initiële apertuur en geometrie van de defecten. c) Wanneer CaO hydreert
tot calciumhydroxide onder condities waarbij volumetoename van de vaste stof
wordt beperkt, kan deze reactie leiden tot de opbouw van relatief grote
spanningen, in de orde van 150-175 MPa. Als zodanig kan hydratie van CaO
mogelijk toepassing vinden als expansiemiddel voor het oprekken van stalen
boorputbuizen, om zo lekkages die buiten de stalen behuizing om plaatsvinden
te verhelpen. Ter afsluiting worden openstaande vragen en nieuwe uitdagingen
geïdentificeerd als richtingen voor verder onderzoek, en suggesties gedaan
voor een mogelijke aanpak van deze vraagstukken.
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1.1 Motivation and scope
It is widely accepted that CO2 emissions to the atmosphere, resulting from fossil
fuel use and other industrial activities, need to be reduced in order to mitigate
climate change effects (IPCC, 2005; Jacobs, 2016; Solomon et al., 2007). As part
of a portfolio of measures, Carbon Capture and Storage (CCS), involving
separation of CO2 at large point sources, such as power plants, followed by
transport to and long-term storage in geological formations, such as depleted
hydrocarbon fields or deep saline aquifers, offers an important option to help
achieve this goal (Figure 1.1) (Hepple and Benson, 2005; Szulczewski et al.,
2012). For CO2 to be stored effectively in a given geological formation, it must
be accessible, i.e. located at typically 1-4 km depth, and provide sufficient
capacity, injectivity and containment (Bachu, 2003; Zhang and Bachu, 2011).
Containment is of particular importance, as leakage of CO2 could locally pose
risks to human health, compromise potable ground water, or impact the natural
environment, not to mention exacerbate the storage effort (IPCC, 2005). As the
low reactivity of most reservoir rocks with CO2 and pore brines limits CO2
trapping via carbonate mineralisation (Baines and Worden, 2004; Zerai et al.,
2006), most of the injected CO2 will generally remain present in the reservoir
pore space, either as a supercritical fluid or a dissolved phase (Gilfillan et al.,
2009). Whether sufficient containment (i.e. tolerably low leakage rates) can be
maintained will therefore depend primarily on the permeability and structural
integrity of the caprock overlying the storage reservoir (Figure 1.1). Low
caprock permeability at the laboratory sample (cm) scale is an essential site
selection criterion. However, the integrity of a caprock formation can still be
jeopardized by leakage along natural pathways, such as (re-activated) faults
and fractures (Hangx et al., 2010a; Orlic, 2009; Rutqvist, 2012), as well as via
manmade conduits, namely wellbores (Miyazaki, 2009; Zhang and Bachu,
2011).

Wellbores are essential for injecting CO2 into subsurface storage reservoirs and
are inevitably present in all exhausted oil and gas fields that might be
considered for this purpose, being the pathways needed for fluid exploration
and production. However, since wellbores penetrate the caprock, they
constitute potential conduits for CO2 to leak out of the storage reservoir and
migrate into overlying rock formations or to the surface (Bachu and Watson,
2006; Celia and Bachu, 2003; Celia et al., 2009; Gasda et al., 2004; Nogues et al.,
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2012; Whittaker et al., 2011; Zhang and Bachu, 2011). Such leaks are
considered preventable by plugging wells using artificial barriers, such as
cement. While cementitious and other materials tailored to endure CO2-rich
environments can be used in the construction and sealing of new wells (BarletGouédard et al., 2009; Brandl et al., 2011), this is not the case for pre-existing or
legacy wells present in depleted oil and gas reservoirs (Gasda et al., 2004;
Hofstee et al., 2008; Nicot, 2008). These legacy wells, which may still be
operational or else already plugged and abandoned, typically employ steel
wellbore casings or liners, along with Portland-based cement sheathing and
plugs, as primary barriers against natural gas or oil leakage (Nelson and Guillot,
2006). However, standard wellbore steels and cements are prone to chemical
attack by CO2-rich fluids (Carey, 2013; Choi et al., 2013). Moreover, injecting
CO2 into a depleted hydrocarbon reservoir or into a virgin saline aquifer will
cause changes in pressure, temperature, and the stress-strain field in and
around the reservoir, which can potentially damage the wellbore mechanically,
opening fractures or debonding material interfaces. These chemical and
mechanical effects, and the possibility of interactions between them, coupled
with concerns about the quality with which wells can be cement-sealed in
practice, have raised significant concerns about the sealing integrity of legacy
wells, and even newly constructed wells, in geological storage systems for CO2
(Celia et al., 2009; Gasda et al., 2004; Nogues et al., 2012; Viswanathan et al.,
2008).

While much research has been done on chemical reaction of wellbore cement
and of wellbore steel with static CO2-rich fluids, reactions in the cement-steel
system, and the effects of mechanical damage and reactive flow through, have
received much less attention, despite the much closer resemblance to downhole
conditions. This thesis addresses some of these aspects, particularly the
coupled effects of mechanical damage and chemical alteration on the transport
properties of defective (fractured) cement and debonded casing-cement
interfaces, which present the most widely perceived leakage risks (Carey, 2013;
Zhang and Bachu, 2011). Application of CaO-based materials, which produce a
so-called force of crystallisation upon hydration and can potentially be used to
mitigate leakage by closing structural wellbore defects mechanically, is also
considered. The study reported in this thesis involved both experimental and
modelling approaches. It was carried out in the framework of CATO-2, the
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Dutch National Research Programme on CO2 capture, transport and storage, as
part of Work Package 3.04 on Well Integrity.

Figure 1.1: Schematic of a geological storage site for CO2 (not to scale) consisting of a
depleted hydrocarbon reservoir. Following injection, the CO2 migrates through the reservoir,
displacing the resident formation pore fluid. Potential leakage pathways through the caprock
(geological seal) via faults and via wellbores are indicated.

1.2 Wellbore construction and key barriers to leakage
In order to identify the key locations where leakage can occur within a wellbore
system in a CO2 storage site, let us consider the basics of wellbore construction
and abandonment in general. In essence, wellbore construction involves
drilling a borehole, inserting a casing or liner and fixing this in place using
cement, generally a Portland-based cement (Nelson and Guillot, 2006). During
drilling, drilling mud is circulated down through the bore of the drill pipe and
up between the outside of the drill column and the wall rock. This cools the
drill bit, prevents inflow of formation fluids and carries rock cuttings to the
surface. When the desired depth is reached, the drill pipe is retracted and a
string of steel casing tubes is connected together and run to the bottom of the
hole with the drilling mud still in place. Subsequently, the drilling mud must be
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removed and replaced with cement slurry. This is generally accomplished by
pumping so-called washer and spacer fluids down the casing bore and up
between the outer casing surface and wall rock to the surface, followed by
cement slurry (Daccord et al., 2006c). In this way, the cement slurry is forced
upwards along the outside of the casing, filling annular spaces between it and
the rock formations exposed to the borehole, from the bottom up (Piot and
Cuvillier, 2006). For a good and continuous bond to develop at the cement-steel
and cement-rock interfaces in the cement-sheathed portion of the well, it is
essential that the drilling mud and possible filter cake (solid drilling mud
residue) are removed effectively (Daccord et al., 2006c; Haut and Crook, 1979).
Once this is achieved, then the cement permeability (10-21 to 10-17 m2 –
Montgomery, 2006; Taylor, 1992) is considered low enough to provide an
adequate seal. Indeed, properly placed and bonded Portland-based cement
sheaths have a low matrix permeability that prevents migration of fluids along
the outside of the wellbore trajectory, i.e. between the casing and wall rock. In
other words, properly constructed wellbore casing and sheaths prevent
migration of fluids along the wellbore trajectory from one geological formation
to the next. This is known as providing “zonal isolation” (Carey, 2013;
Montgomery, 2006).

Maintaining borehole stability during both drilling and cementing operations
requires the use of different density drilling muds and cement slurries at
different depths (Darley and Gray, 1988; McLean and Addis, 1990). Therefore,
drilling and cementing generally proceeds in stages, producing a series of
nested casings (Figure 1.2) (Nelson and Guillot, 2006). The first casing to be
installed is a conductor pipe (Figure 1.2), which serves to stabilize
unconsolidated sediments near the surface (setting depth typically <100 m,
diameter ~80 cm) and provides structural support for all subsequent casings
(Piot and Cuvillier, 2006). This is followed by a surface casing (Figure 1.2),
which must extend below any potable water aquifers and must be cemented all
the way to the surface to safeguard drinking water resources (Carey, 2013; Piot
and Cuvillier, 2006). The number of intermediate casings and liners (pieces of
tubing that do not extend to the surface but are instead suspended from a
previous casing) subsequently installed depends on the target depth and many
other site-specific factors (Piot and Cuvillier, 2006). The final (deepest) casing
element is the production casing or liner (diameter ~20 cm – Carey, 2013). Its
function is to vertically isolate the different formations or zones present in the
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vicinity of the targeted reservoir. For this reason, the production casing is
generally cemented into the surrounding rock from below the reservoir up into
the caprock (Figure 1.2). It is subsequently perforated to allow communication
with the reservoir formation. A successfully constructed well allows effective
communication with the target reservoir, while maintaining zonal isolation of
all subsurface formations penetrated by the wellbore (Piot and Cuvillier, 2006).

Figure 1.2.: Schematic diagram illustrating the primary features of the wellbore a) during its
operational life, and b) after wellbore plugging and abandonment. Not to scale.
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During the operational life of a well, which is typically a few decades (Kelm and
Faul, 1999; Liversidge et al., 2006), the production casing houses the
production tubing, which facilitates fluid production or injection (Figure 1.2).
The first steps of well abandonment usually involve removal of this tubing and
other equipment inside the wellbore casing (Campbell and Smith, 2013).
Known impairments of zonal isolation outside the casing must then be
remedied (Barclay et al., 2001), e.g. via squeeze cementing operations. These
involve perforation of the casing over the defected interval and injection of
cement to seal annular voids and fractures outside or “behind” it (Daccord et al.,
2006b). Subsequently, cement slurry is injected into the casing bore to create
internal sealing plugs at key locations, such as across the reservoir and caprock
intervals (Figure 1.2) (Campbell and Smith, 2013). Such plugs are generally
tens or hundreds of meters in vertical or along-borehole extent. The main goal
of these abandonment operations is to leave the wellbore in a sealed condition
that provides long-term zonal isolation along and within the well trajectory,
thus restoring the caprock’s original sealing functionality where it is transacted
by the borehole.

In the present study, “well integrity” refers to the capacity of a wellbore system
to maintain hydraulic barriers against unwanted migration of fluids. Recalling
that geological CO2 storage largely relies on structural trapping under the
caprock overlying the storage reservoir (Gilfillan et al., 2009), the cement seals
at the caprock level form a key barrier against CO2 leakage (Figure 1.2). The
work presented here accordingly focuses on this caprock interval, rather than
the reservoir level, even though CO2 exposure is expected to be more extensive
in the latter environment (Cao et al., 2013; Duguid et al., 2011).

1.3 Leakage pathways and potential effects of CO2

The low permeability of wellbore cement is generally expected to provide high
fluid sealing capacity and a high degree of well integrity, with respect to oil, gas
or CO2 (Carey, 2013; Duguid, 2009; Nelson and Guillot, 2006). However, this
situation may change if the wellbore barriers suffer from structural defects.
Independently of chemical effects of CO2, the cement seals and plugs are
susceptible to various forms of failure over the life of a well (Gasda et al., 2004;
Montgomery, 2006). Starting with emplacement, bonding between the cement,
the casing and the enveloping rock surfaces, may be impaired by poor removal
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of drilling mud and filter cake (Agbasimalo and Radonjic, 2014; Ladva et al.,
2005; Oyibo and Radonjic, 2014). In addition, cement shrinks during hydration
and hardening (Dusseault et al., 2000; Taylor, 1992), leading to radial
contraction that may result in tensile fracturing of the cement or debonding at
casing-cement and/or cement-formation interfaces (Dusseault et al., 2000;
Ladva et al., 2005). Further structural damage may accumulate as a
consequence of fluctuations in temperature and stress-state, experienced by
the wellbore during field operations (Lewis et al., 2012; Mainguy et al., 2007;
Orlic, 2009; Ravi et al., 2002). All of these structural defects can provide
pathways for fluid flow, possibly reducing or even compromising well integrity
(Zhang and Bachu, 2011). Indeed, considerable numbers of existing oil and gas
wells are known to exhibit zonal isolation failure, in varying degrees. Of
315,000 wells in Alberta that were studied by Bachu and Watson (2006), about
4.6% displayed surface casing vent flow or gas migration. If only wells
completed since 1971 are considered, this percentage is higher, with ~14%
suffering surface casing vent flow of >300 m3 day-1 (Jackson and Dusseault,
2014). A study of 41,381 wells drilled in Pennsylvania between 2000 and 2012
found that ~1.9% showed structural integrity failure (Ingraffea et al., 2014).
Sustained casing pressure (unintended development of pressure at the
wellhead, which rebuilds after bleeding off) is reported in ~43% of producing
and abandoned wells located on the outer continental shelf in the Gulf of
Mexico (Brufatto et al., 2003), illustrating the prevalence of wellbore leakage.

Given this record of wellbore performance in oil and gas fields, where the
leaking fluids generally do not show major chemical interaction with the
wellbore components, the question now arises as to what the effect will be if
CO2 starts to leak along a wellbore in a CO2 storage system. Numerous
experimental studies have shown that casing steel and Portland-based cements
are susceptible to chemical alteration by CO2-rich fluids (Carey, 2013; Choi et
al., 2013; Nešić, 2007). As CO2 dissolves in the formation fluid, it leads to a
reduction in pH via the formation and dissociation of carbonic acid. This
accelerates the corrosion rate of unprotected steel (Dražić and Hao, 1982;
Nešić, 2007) and prompts dissolution of cement phases such as portlandite
[Ca(OH)2] and calcium silicate hydrates [C-S-H]. These dissolution reactions
lead to precipitation of calcium carbonates and silica gel (Barlet-Gouédard et
al., 2009; Mason et al., 2013; Rimmelé et al., 2008). They also promote the
formation of iron carbonate (corrosion scale) due to the presence of Fe2+ ions
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released by corrosion of the casing steel (Carey et al., 2010; Nešić, 2007). When
cement is exposed to large volumes of CO2-rich fluid, the dissolution of
portlandite and decalcification of C-S-H also leads to the development of porous
reaction zones and a marked degradation in the material properties of wellbore
cement, i.e. to an increase in permeability and decrease in mechanical strength
(Duguid and Scherer, 2010; Duguid et al., 2011). However, this behaviour is
generally considered unrepresentative for the caprock-intervals of properly
sealed wellbores (Carey et al., 2007; Crow et al., 2010), because reaction will
progress slowly due to the low matrix permeability of cement (10-21 to 10-17 m2
Montgomery, 2006; Taylor, 1992) and of typical caprock lithologies (<10-18
Armitage et al., 2011; Bennion and Bachu, 2008; Hangx et al., 2010). In practice,
it would take a very long time for CO2-rich fluids to react their way from the
reservoir interval through the cement seals in the caprock via diffusional
processes (estimates range from tens to hundreds of thousands of years – e.g.
Duguid, 2009), thus limiting the extent and impact of alteration (Carey, 2013).
On this basis, is seems unlikely in the context of CO2 storage that chemical
alteration alone will impair wellbore integrity when the cement and its
interfaces with the casing and caprock are intact, and when reactive flow is
very slow.

However, structural defects in wellbores in CO2 storage systems may pose
problems. This is especially so for injection wells, which will need to endure
large pore pressure and temperature fluctuations associated with injection
(Lecampion et al., 2013). Injection wells for CO2 storage are therefore likely to
be purpose-built, with stringent regulations governing their construction and
operation (Carey, 2013). By contrast, pre-existing legacy wells, present in
depleted hydrocarbon reservoirs targeted for CO2 storage, will not have been
designed or constructed with CO2 storage in mind (Hofstee et al., 2008;
Whittaker et al., 2011). These wellbores may include inherited defects, that
went undetected during production or well abandonment, and may sustain new
structural damage due to changes in wellbore temperature and stress-state
caused by CO2 injection activities elsewhere in the reservoir (Lewis et al., 2012;
Mainguy et al., 2007; Orlic, 2009; Ravi et al., 2002). If a migrating front of CO2 in
the geological storage system reaches such a pre-existing wellbore (Figure 1.1),
then leakage may occur not only through the cement matrix, but also via
several possible pathways. These include 1) damage zones, defects, voids and
permeable (mud filled) interfaces between the wellbore cement sheath and the
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surrounding rock, 2) fractures and other flaws in the cement sheath and
wellbore plugs, 3) interfacial cracks and voids between the cement and the
steel casing, and/or 4) perforations in the casing steel (Figure 1.3) (Gasda et al.,
2004). The work presented in this thesis focuses on fractures in the cement and
the casing-cement interface. As already noted, leakage of CO2-rich fluids differs
from leakage of other, relatively inert fluids, such as oil or natural gas, in that
the advective renewal of CO2-rich fluid may enhance CO2-induced chemical
alteration and its impact on the cement and steel exposed in the defect. Of
particular importance here is that, under such flow-through conditions, CO2induced reaction can potentially either enhance defect permeability, due to
dissolution and degradation of the wellbore materials, or else inhibit leakage
through defect-sealing by precipitation of carbonates. An important challenge is
to determine under what conditions self-sealing will dominate versus the
potential for leakage.

Figure 1.3: Leakage pathways in a plugged and abandoned wellbore. Migration of CO2 could
occur via (a, b) debonding defects and other voids along the casing-cement interfaces, (c)
through the porosity of the cement matrix, (d) via perforations in the casing caused by
corrosion, (e) through fractures in the cement seals, and (f) via fractures, damage zones and
voids along cement-rock interfaces. Modified after Gasda et al. (2004).
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1.4 Knowledge gaps
It is clear from the above discussion and from the literature (Carey, 2013;
Huerta et al., 2016; Luquot et al., 2013) that advective-flow conditions favour
CO2-induced chemical reactions in wellbore systems and therefore pose the
most significant risk of chemical impact. Having established that this type of
advective flow behaviour is unlikely to occur in intact and properly bonded
cement seals, the potential for deleterious effects of CO2 on the integrity of
wellbores with acceptable initial quality will depend on the interplay between
chemical reactions and mechanical damage accumulation. Obtaining an
understanding of the combined effect of these factors on the evolution of the
transport properties of the cement and steel components present in the
wellbore is vital for a critical assessment of long-term wellbore integrity in
geological storage systems for CO2 (Carey, 2013; Liteanu and Spiers, 2011;
Zhang and Bachu, 2011). In this context, there currently are a number of
specific knowledge gaps. These are identified below.
1.4.1

Chemical alteration and mechanical evolution
of fractures in cement
Let us first consider the impact of reaction with CO2-rich fluids on fractured
cement, which has received the most attention in previous studies of wellbore
cement (Abdoulghafour et al., 2013; Cao et al., 2015; Huerta et al., 2016, 2009;
Liteanu and Spiers, 2011; Luquot et al., 2013; Walsh et al., 2014a; Wigand et al.,
2009; Yalcinkaya et al., 2011). Previous work on this topic has addressed how
permeating CO2-bearing fluids affect fracture permeability, fracture-wall
chemistry and fracture microstructure. This work has demonstrated that CO2induced reactions can lead to self-sealing, i.e. permeability reduction, under
relevant flow conditions (Brunet et al., 2016; Cao et al., 2015; Huerta et al.,
2016). Results suggest that the sealing integrity of fractured cement sheaths
and plugs above the reservoir interval may improve, rather than deteriorate
due to reaction with CO2-rich fluid. However, if cement alteration
simultaneously results in frictional or cohesive weakening of the fractures, then
this may facilitate the reactivation, growth and re-opening of fractures during
ongoing changes in storage system temperature and stress state. This would
undo permeability reduction due to undisturbed chemical reaction, allowing
leakage pathways to be maintained open dynamically. On the other hand,
fracture sealing may be accompanied by fracture healing, i.e. mechanical
39

Chapter I
strength recovery, impeding fracture reactivation, and thereby counteracting
leakage pathway development. Resolving which effect dominates (fracture
weakening versus strengthening) requires knowledge of the interplay between
chemical alteration and mechanical strength evolution. Despite this need, the
effects of CO2-induced reactions on the mechanical properties of wellbore
cement in general, and fractured cement in particular, remain relatively poorly
understood, especially under the P-T conditions relevant for geological storage
(Condor and Asghari, 2009; Lee et al., 2011; Liteanu et al., 2009; Mason et al.,
2013; Takla et al., 2010), and constitute a clear knowledge gap that needs
attention.

1.4.2 Reaction and transport at casing-cement interfaces
Compared to fractured cement, few studies have addressed the effect of CO2induced reactions on the transport properties of casing-cement interfaces
(Carey et al., 2010, 2009; Choi et al., 2013; Han et al., 2011). This evolution
depends not only on reaction of the cement with CO2-rich fluids (Kutchko et al.,
2007; Mason et al., 2013), but also on steel corrosion and scale formation
(Dugstad, 1998; Nešić, 2007), plus the interaction of these processes and their
dependence on diffusion, on fluid composition, and on flow-rates (Geloni et al.,
2011; Raoof et al., 2012). The different chemical conditions raise the question
of whether debonding cracks and other interfacial defects at the casing-cement
interface will self-seal in a manner similar to fractured cement, or not.
Addressing this issue requires knowledge of whether and how the reactions
that have been observed in separate studies of CO2-induced steel corrosion
(Dugstad, 1998; Nešić, 2007) and of cement carbonation (Kutchko et al., 2007;
Mason et al., 2013) co-occur in the interface. The first step in filling this
knowledge gap is to determine experimentally the prevailing reactions and
their potential effects in a simple system without fluid flow and the
complexities of reactive transport. Further experiments would then be required
to determine the net effect of reaction under conditions where flow of CO2-rich
fluid occurs in interconnected defects at the casing-cement interface. Of
particular importance here is the length-scale on which reactive-flow through
in wellbore interfaces can be simulated in laboratory experiments under in-situ
P-T conditions. Conventional experiments are typically conducted on
centimetre or decimetre-sized samples. By contrast, the seals emplaced in real
wellbores typically involve 10s to 100s of meters of cement, facilitating the
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development of long-range geochemical gradients, which are widely regarded
to be a key contributor to defect-sealing, namely by allowing mineral
precipitation downstream as a result of mineral dissolution upstream
(Armitage et al., 2013; Deremble et al., 2011). Reproducing and assessing the
effect of such gradients requires longer range reactive transport experiments
than achieved to date.
1.4.3

Predicting the evolving transport properties
of defect-bearing wellbores
While previous experimental studies provide evidence that CO2-induced
reactions lead to self-sealing of wellbore defects under certain conditions,
observations do vary (Abdoulghafour et al., 2016, 2013; Cao et al., 2015; Carey
et al., 2010; Huerta et al., 2013; Liteanu and Spiers, 2011; Luquot et al., 2013;
Newell and Carey, 2012; Yalcinkaya et al., 2011). Indeed, examples of both selflimitation and self-enhancement of reactive flow have been reported (Carroll et
al., 2016). For single fractures in cm-scale cement cylinders, Luquot et al.
(2013) found that sample permeability evolution upon exposure to CO2-brine
depends on the initial hydraulic aperture of the fracture and on the magnitude
of the fluid flux imposed. Using much longer samples (length 20-30 cm),
consisting of fractured cement cylinders placed in series, Cao et al. (2015) and
Huerta et al. (2016) showed that domain length plays a role as well.
Permeability changes observed in experiments on fractured cement have not
only been ascribed to precipitation of calcium carbonates by the mechanisms
discussed above (Cao et al., 2015; Huerta et al., 2016; Liteanu and Spiers, 2011;
Luquot et al., 2013), but also to various other processes, such as defect-closure
due to reaction-enhanced deformability of aperture-propping asperities
(Huerta et al., 2009; Walsh et al., 2014a), migration of fines (Newell and Carey,
2012), or reaction-induced swelling of the cement matrix (Abdoulghafour et al.,
2013; Luquot et al., 2013). Explaining the variation seen between experiments
conducted on fractured cement at different conditions, and assessing how
sealing-potential may depend on parameters such as defect aperture, fracture
length and the driving force for advective transport, requires a model
framework that incorporates relevant reactive transport mechanisms. Such a
modelling approach, validated against experiments, is essential for
extrapolating lab findings to the conditions of length scale, pressure that
incorporates relevant reactive transport mechanisms. Recently, several authors
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have pursued this for fractures in cement, showing that reactive sealing versus
opening behaviour depends on factors such as residence time and defect
aperture (Abdoulghafour et al., 2016; Brunet et al., 2016; Cao et al., 2015).
However, while these modelling studies have provided key understanding of
laboratory scale behaviour, most of the reactive-transport models, like most
experimental efforts to date, have addressed transport domains only a few tens
of centimetres in length. Given the dimensions of real wellbore systems, both
experimental and process-based modelling work should ideally be extended to
much larger length-scales, to improve confidence in upscaling to wellbore
dimensions.

1.4.4 What if integrity cannot be reliably predicted or is compromised?
Lastly, it is important to consider what actions can be taken in a) the case that
models of both static reaction and reactive transport in wellbore defects suffer
from such large uncertainties (e.g. in processes and input data) that reliable or
even useful predictions regarding self-sealing cannot be responsibly claimed,
and b) the case that zonal isolation in a wellbore is lost and unacceptable
leakage occurs. If unwanted fluid migration such as sustained casing vent flow
exceeding the maximum rate allowed by regulations occurs and cannot be
eliminated or reduced to acceptable risk levels by model predictions, then
remedial or else pre-emptive engineering measures are required, just as they
would be for CO2-free wellbores that show signs of impaired zonal isolation
(Daccord et al., 2006b; Dusseault et al., 2000).

As already mentioned, squeeze cementing operations are common practice in
the mitigation of leakage that occurs outside of the steel casing. Unfortunately,
this approach is often ineffective, even in conventional (i.e. CO2 free) wellbores,
with success rates of only ~34% and ~60% being reported for respectively the
first attempt and multiple attempts (Cowan, 2007). There is therefore
considerable scope for alternative approaches. Recently, it was proposed to
remediate annular leaks by imposing a small radial expansion of the casing
pipe, to mechanically close any fractures, debonding defects or other voids
outside it (Kupresan et al., 2014, 2013). However, achieving appropriate casing
expansion requires substantial internal stresses to be generated, especially in
legacy wellbores, which generally include conventional (strong/brittle) casing
steels, to which existing expansion methods are difficult to apply (e.g. Byrom,
2014). Reaction-induced casing expansion, i.e. employing a chemical reaction
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that is capable of generating a so-called force of crystallisation (Correns, 1949;
Scherer, 1999), such as the hydration of CaO (Ghofrani and Plack, 1993), could
offer a possible alternative method. However, successful application would
require a thorough, quantitative understanding of the reaction-stress-strain
behaviour of the CaO hydration process, which is not presently available.

1.5 Aims of this study

On the basis of the above, it is clear that knowledge of the processes governing
the potential impact of CO2-induced chemical and mechanical effects on the
sealing integrity of wellbore materials and, in particular, wellbore interfaces
such as fractures and debonding defects, contains some important hiatuses. In
particular, new data and understanding are needed in relation to the
mechanical strength of fractured cement, the self-sealing potential of defects
along the cement-casing interface, the controlling factors that determine
whether reactive transport of CO2-rich fluids will lead to defect sealing or defect
opening, and possible remediation solutions. Results on these topics are key to
constraining numerical modelling and risk assessment exercises directed at
long-term geological CO2 storage. The aims of the work presented in this thesis
are accordingly defined as follows:
1.

2.

3.

To investigate the effects of diffusion-controlled CO2-cement reactions
on the mechanical properties of short-range fractures in cement, and to
assess whether reaction-occurring within the fractures could facilitate
fracture weakening and further defect/damage development,
potentially leading to more continuous transport pathways.
To assess how diffusion-controlled chemical reaction between static
CO2-rich fluid, cement and steel affect the transport properties of
short-range debonding-defects at the interfaces between well casing
and cement, thus establishing the potential for self-sealing of such
defects.
To determine how long-range reactive transport phenomena, such as
upstream mineral dissolution followed by downstream precipitation,
may impact the transport properties and self-sealing potential of
defects at the cement-casing interface during flow-through of CO2-rich
fluids, compared to near-static reaction.
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4.

5.

To obtain an understanding of how the reactive sealing versus
enlargement behaviour of wellbore defects depends on the conditions
of reaction and flow, and on the size and geometry of the initial defect;
this will provide a basis for interpreting experimental observations in a
broader context and for extrapolating results to length-scales relevant
to real wellbores.
To determine the stresses and strains that can be achieved by the
hydration of CaO, and hence whether this chemical reaction can
potentially be used to achieve radial expansion of wellbore casings for
the mitigation of annular (outside-of-casing) CO2 leakage.

1.6 Thesis structure

Chapter II of this thesis is concerned with fractured cement. It addresses Aim 1
using triaxial compression experiments conducted on both intact and
unreacted, and fractured and reacted cement samples. These experiments
explore the effect of CO2-induced reactions on the mechanical properties of
fractured cement. Aims 2 and 3, concerning the casing-cement interface, are
addressed in Chapters III and IV, which report reactive transport experiments
on simulated cement-steel interfaces, conducted under near-static and flowthrough conditions, at length scales from the 2 cm to 6 m scale. Chapter V
presents a modelling study. Here, a metre length-scale numerical model,
incorporating fluid flow, advective and diffusive solute transport, CO2-cement
reactions, and variable aperture defect geometry, is developed to address Aim 4
on competition between reactive sealing versus defect enlargement. Chapter VI
focuses on the hydration-stress-strain behaviour of CaO powder samples, i.e. on
the question embedded in Aim 5 of whether CaO hydration-induced stresses
can be employed to achieve radial expansion of wellbore casings for leak
mitigation purposes.

44

Chapter II
Effect of CO2-induced reactions
on the mechanical behaviour of
fractured wellbore cement

This chapter is based on:

Wolterbeek, T.K.T., Hangx, S.J.T. and Spiers, C.J. (2016) Effect of CO2-induced reactions
on the mechanical behaviour of fractured wellbore cement, Geomechanics for Energy and
the Environment, 7, pp. 26-46.
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Abstract
Geomechanical damage, such as fracturing of wellbore cement, can severely
impact well integrity in CO2 storage fields. Chemical reactions between the
cement and CO2-bearing fluids may subsequently alter the cement’s mechanical
properties, either enhancing or inhibiting damage accumulation during ongoing
changes in wellbore temperature and stress-state. To evaluate the potential for
such effects, we performed triaxial compression tests on Class G Portland
cement, conducted at down-hole temperature (80 °C) and effective confining
pressures ranging from 1 to 25 MPa. After deformation, samples displaying
failure on localised shear fractures were reacted with CO2-H2O, and then
subjected to a second triaxial test to assess changes in mechanical properties.
Using results from the first phase of deformation, baseline yield and failure
criteria were constructed for virgin cement. These delineate stress conditions
where unreacted cement is most prone to dilatational (permeabilityenhancing) failure. Once shear-fractures formed, later reaction with CO2 did not
produce further geomechanical weakening. Instead, after six weeks of batch
reaction, we observed up to 83% recovery of peak-strength and increased
frictional strength (15-40%) in the post-failure regime, due to carbonate
precipitation in the fractures. As such, our results suggest more or less
complete mechanical healing on timescales of the order of months.
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2.1 Introduction
Wellbores in subsurface reservoir systems are manmade fluid transport
pathways intended for fluid exploration, production or injection. They are
typically lined with a steel casing, the outside of which is sealed against the
adjacent rock formations using Portland-based cement. Upon well
abandonment, further cement is injected to form a sealing plug in the central
bore. Despite these measures, wells are widely recognised as potential leakage
pathways from geological systems targeted for storage of CO2 (Celia et al., 2009;
Gasda et al., 2004; Zhang and Bachu, 2011). Even though cements tailored to be
more resistant to acidic, CO2-rich environments are being developed for the
construction of new wells (Barlet-Gouédard et al., 2009; Brandl et al., 2011),
many of the sites considered for geological storage of CO2 include pre-existing
(legacy) wells of only standard design, i.e. incorporating conventional Portland
cements (Hofstee et al., 2008; Whittaker et al., 2011). In these wells, the
assumed barrier to unwanted fluid migration is provided by the cement seals,
which in their virgin condition have a primary matrix permeability of 10-21 to
10-17 m2 (Montgomery, 2006; Taylor, 1992).

While standard Portland cements readily degrade when reacted with large, free
volumes of CO2-bearing fluid (Kutchko et al., 2008, 2007), experiments
employing lower fluid-to-solid ratios, representative of the conditions expected
down-hole, suggest that the extent of reaction in situ will be limited and that
reaction may even result in decreased cement porosity and permeability
(Bachu and Bennion, 2009; Liteanu and Spiers, 2011). These findings are
corroborated by field evidence, such as from the SACROC field (Carey et al.,
2007) and Dakota Sandstone reservoir (Crow et al., 2010). Here, despite
decades of exposure to CO2, cement samples retrieved from depth retained
their integrity. On this basis, it seems unlikely that chemical degradation alone
will impair cement integrity, and hence intact wellbore cement is usually
assumed to form a reliable seal against CO2 migration (Carey, 2013; Duguid,
2009).

However, structural damage within the cement, or at the cement-casing and
cement-rock interfaces, may change this picture, with defects such as fractures
and interfacial debonding cracks or voids providing flow paths that can
potentially enhance permeability. In recent years, numerous studies have
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investigated the effect of CO2-H2O-cement reactions on the transport properties
of pre-fractured cement and cement containing simulated fractures
(Abdoulghafour et al., 2013; Cao et al., 2015; Huerta et al., 2009; Liteanu and
Spiers, 2011; Luquot et al., 2013; Walsh et al., 2014a; Wigand et al., 2009;
Yalcinkaya et al., 2011). These efforts have mainly addressed how alteration
and carbonation, by permeating CO2-bearing fluids, affect fracture permeability,
fracture-wall chemistry and microstructure. By contrast, the effects of reaction
on the mechanical properties of wellbore cement under in situ PT conditions
(Condor and Asghari, 2009; Lee et al., 2011; Liteanu et al., 2009; Mason et al.,
2013; Takla et al., 2010) have received relatively little attention (Carey, 2013).
Yet, significant stress changes will occur in the well system during CO2 injection
and long-term storage, inevitably causing some damage (Lewis et al., 2012;
Mainguy et al., 2007; Orlic, 2009). Therefore, to assess well integrity
confidently, it is important to investigate coupled chemical-mechanical effects.
Of specific importance here is the effect of CO2-H2O-cement reactions on the
mechanical strength of already fractured cement. If chemical reaction between
fracture walls and CO2-bearing fluid results in frictional or cohesive weakening
of the fractures, this will facilitate reactivation, growth and (re)opening during
ongoing changes in storage system temperature and stress state. Leakage
pathways for CO2 could then be maintained open dynamically. On the other
hand, fracture sealing (i.e. permeability reduction), due to carbonate
cementation (Abdoulghafour et al., 2013; Liteanu and Spiers, 2011; Luquot et
al., 2013) or asperity-weakening (Huerta et al., 2013, 2009; Walsh et al., 2014a),
may be accompanied by fracture healing (i.e. mechanical strength recovery),
impeding such fracture reactivation and leakage.
To resolve which effect dominates, we report experiments on the impact of
CO2-induced reactions on the mechanical properties of fractured wellbore
cement. We performed conventional triaxial compression tests on cylindrical
samples of API-ISO Class G HSR Portland cement at a temperature ( T ) of 80 °C,

confining pressures ( Pc ) ranging from 6 to 30 MPa, and a pore fluid pressure

( Pf ) of 5 MPa ( Pceff = 1 to 25 MPa). This temperature was chosen to be similar

to down-hole, while the effective confining pressures were chosen to promote
cement fracturing, hence “worst-case behaviour” in a well. Selected, shearfractured cement samples were subsequently exposed to CO2-saturated water
under hydrostatic conditions ( T = 80 °C, Pf ≈ 12 MPa) for a period of six
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weeks. After CO2-exposure, the samples were subjected to a second triaxial
compression test, at the original conditions, to evaluate the effects of reaction
on fracture strength. We apply a variety of yield and strength parameters and
envelopes to quantify the strength of both the unreacted and reacted samples.
The results show that static reaction leads to significant mechanical
strengthening (healing) of fractured wellbore cement.

2.2 Experimental methods

2.2.1 Sample preparation and porosity determination
The present experiments were performed on cylindrical samples of API-ISO
Class G HSR Portland cement. This is one of the most widely used wellcementing materials (Nelson and Michaux, 2006) and is considered to be an
effective sealing agent at well temperatures up to ~110°C (Nelson and BarletGouédard, 2006). Cement slurry was prepared from commercially obtained
clinker (Dyckerhoff AG, Lengerich), in accordance with ISO 10426-2 practice
(API Recommended Practice 10B-2), using deionised water at a water-tocement ratio of 0.44 (ISO 10426-1; API Specification 10A). After mixing, the
cement slurry was slowly poured into cylindrical moulds measuring 90 mm
length and 35 mm diameter. Extraction of air from the slurry was promoted by
ultrasonically vibrating the moulds for 5 min, followed by degassing under
vacuum for 15 min. The moulds were subsequently placed in a water-filled
thermobath, maintained at 60 °C ± 0.2 °C, where the cement was allowed to
cure under lab air, i.e. at atmospheric pressure, for three days. The hardened
cylindrical cement samples were then removed from their moulds and cured
further at room temperature in closely fitting, airtight, water-filled containers,
to avoid long-term exposure to atmospheric CO2. On the basis of curing time,
two groups of samples were obtained, namely “immature cement” (tested after
21 days curing) and “mature cement” (tested after >6 months curing). Prior to
triaxial testing, the fluid-saturated samples were removed from their
containers, then cut and ground square at the ends to obtain right cylinders of
75 ± 1 mm length and 35 mm diameter. The samples were subsequently
returned to and kept in their water-filled curing containers until use.
The sample porosity with respect to water (40.1% ± 1.2% for mature cement
samples) was determined from weight loss data obtained by drying initially
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water-saturated samples at 105°C until a constant weight was attained. Note
that this method, although widely adopted (Heukamp et al., 2003; Xie et al.,
2008; Yurtdas et al., 2011), typically overestimates the actual porosity, as some
chemically bound water is inevitably lost, though generally not accounted for
(Heukamp et al., 2003).

2.2.2 Triaxial testing apparatus
Conventional compression experiments were performed in an externally
heated, triaxial compression apparatus (Figure 2.1), described in detail by
Peach (1991), Peach and Spiers (1996) and Hangx et al. (2010b). It consists of a
main pressure vessel containing the sample, a pressure-compensating auxiliary
vessel, and a load transmitting piston-yoke assembly driven by a motor plus
gearbox and ball screw system. As the piston-yoke assembly is advanced to
load the sample, silicone oil is displaced from the main to the auxiliary pressure
vessel, maintaining a nominally constant system volume. Dynamic and static
sealing are achieved using Viton O-rings.

In this system, sample volume changes are derived from the piston
displacement of a servo-controlled pump (resolution ± 20 μl), used to maintain
a constant confining (silicone oil) pressure ( Pc ). Confining pressure is

measured using a pressure transducer (100 MPa range, resolution ± 0.02 MPa)
located close to the main pressure vessel. Axial load on the sample is measured
using a semi-internal, differential variable reluctance transformer-based load
cell, located at the top of the vessel (400 kN range, resolution ± 0.035 kN).
Piston displacement is measured externally using a linear variable differential
transformer (100 mm range, resolution ± 0.8 μm). Two Inconel-sheathed, Ktype thermocouples, brought into the main pressure vessel through a port in
the load cell block, are used to measure temperature at the sample surface.
Temperature is controlled using a proportional-integral-derivative process
controller (400 °C range, resolution ± 0.02 °C) equipped with a K-type control
thermocouple, positioned in the windings of the external furnace. Pore fluid
pressure ( Pf ) is applied via inlets at the top and bottom ends of the sample
assembly and controlled using a second, servo-controlled, volumetric pump
(resolution ± 20 μl). Pore fluid volume changes ( ∆Vp ) are measured using a

linear potentiometer, which records the piston displacement of this second
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pump. Pore fluid pressure is measured using a pressure transducer (50 MPa
range, resolution ± 0.02 MPa), located just outside the main pressure vessel.

Figure 2.1: Schematic diagram (scale approximate) of the conventional triaxial compression
apparatus used in the reported experiments, showing the internal details of the machine.
Modified after Hangx et al. (2010b).

2.2.3 Sample assembly
For initial triaxial testing, fluid-saturated cylindrical samples of virgin cement
were removed from the curing containers and located between top and bottom
steel end-pistons (Figure 2.1). To reduce friction between the sample and the
pistons, thin (50 µm), perforated (hence permeable) Polytetrafluoroethylene
(PTFE) sheets were included in the interfaces. The assembly was then rapidly
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jacketed using a tightly-fitting Fluorinated Ethylene Propylene (FEP) inner
sleeve, of the same length as the sample, and covered using a longer, outer
sleeve of Ethylene Propylene Diene Monomer (EPDM) rubber. Finally, the outer
sleeve was sealed against the top and bottom end-pistons using wire
tourniquets, to produce the completed assembly. The pore fluid reservoir and
bore in each of the end-pistons (Figure 2.1) were then primed with curing fluid
from the sample container.

2.2.4 Initial triaxial testing procedure
In setting up each first-phase deformation test, the sample assembly plus load
cell were placed in the oil-filled main pressure vessel (Figure 2.1). The vessel
was then sealed and the sample connected to the pore fluid pressure system.

After applying a small confining pressure ( Pc ≈ 1-2 MPa), the pore fluid system
was rapidly vacuum-saturated with water. Subsequently, the confining and
pore fluid pressures were increased simultaneously, keeping the confining
pressure slightly higher than the pore fluid pressure, until the pore fluid
pressure reached the target value for the experiment. The system was then
heated to the required temperature at constant pore fluid pressure, while
maintaining the confining pressure above the pore fluid pressure and close to,
but below, the target value for the deformation experiment. A stable
temperature of ~80°C was generally reached within 5 h. At this temperature,
the confining pressure was adjusted to the desired test value. Prior to
deformation testing, the system was left for 1-2 h to reach thermal and
pressure ( Pc , Pf ) equilibrium.

Initial deformation was then started by advancing the piston-yoke assembly
(Figure 2.1) at a constant displacement rate, corresponding to a nearly constant
strain rate of ~10-5 s-1, thereby increasing the axial load on the sample. Each
run was completed by arresting the piston and then reversing the drive motor,
removing the applied load to a small residual value determined by the dynamic
seal friction. If a peak-stress occurred, the sample was assumed to have failed in
a localised, brittle manner. In these tests, the sample was immediately
subjected to a second loading cycle to measure the post-failure properties
(frictional strength) of the fractures formed. Experiments were then terminated
by releasing the pore fluid pressure, hydraulically retracting the piston-yoke
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assembly, removing the confining pressure and cooling to room temperature,
after which the sample was extracted from the machine.
The complete set of experiments performed is listed in Table 2.1. In addition to
the triaxial tests on immature and mature cement, two purely hydrostatic
compaction experiments were performed on mature cement samples
(preparation, assembly and system equilibration as above). The first
hydrostatic experiment (A-HS1) was conducted at a constant temperature of 80

°C, a pore fluid pressure ( Pf ) of 5 MPa, and an initial confining pressure ( Pc ) of

6 MPa, which was subsequently ramped up at ~30 MPa h-1 to a final Pc of 59
MPa. In the second hydrostatic test (A-HS2), Pc was instead increased at a rate

of ~3 MPa h-1, employing a mid-test hold for 13 h before resuming loading. The
aim of these experiments was to constrain the hydrostatic stress required to
cause pore collapse, and to investigate potential loading rate or creep effects.
No hydrostatic compaction tests were performed on the immature cement
samples.

2.2.5 Data acquisition and processing
A PC plus 16-bit National Instruments VI logger system was used to log the
internal axial load, piston displacement, confining pressure, sample
temperature, system volume change, pore fluid pressure and pore fluid volume
change signals every 0.2 s throughout the deformation experiments. The data
obtained were processed to yield differential stress ( σ 1 − σ 3 ), axial engineering
strain ( e ), true axial strain rate ( ε ), volumetric strain ( eV ) and pore volume

change ( ∆Vp ) data versus time, thus enabling stress-strain curves to be

generated. All displacement and volume change data were corrected for
apparatus distortion using predetermined stiffness calibrations. Sample volume
and pore fluid volume changes were similarly corrected for thermal effects.
Fractional pore volume change ( ∆Vp% =
∆Vp / Vp0 ) was determined from the
initial pore volume ( Vp0 ), which was itself obtained from the cement sample

volume, assuming an initial porosity of 40.1% for all samples (Section 2.2.1).
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Table 2.1: Overview of experiments performed in this work
Experiment
sample code

Pceff
[MPa]

σy
[MPa]

σmax
[MPa]

P* | C*
[MPa]

σ2%
[MPa]

Ea
[GPa]

33.1
33.4
34.9
38.3
37.3
35.0
39.4
35.0

29.7
30.3
33.2
32.3
39.0
35.4
39.7
44.7
41.2

7.1
7.4
7.0
6.5
7.1
7.7
5.9
5.2
6.1

44.4
50.7
45.4
52.2
51.0
50.9
47.9
48.0
40.8
42.2

15.9
39.3
41.5
48.4
53.0
54.4
58.4
57.5
48.1
55.1

6.2
8.3
8.8
8.0
8.1
8.0
8.9
7.1
7.4
7.1

σ1%
[MPa]

Triaxial experiments on immature cement
Y025a
Y025b
Y050a
Y050b
Y075
Y100
Y150
Y200
Y250

20.1
20.0
19.5
27.3
21.4
19.1
18.3
22.4
14.3

33.2
34.8
34.9
39.2
38.4*
38.6
SH
SH
SH

9.0**
9.2
12.5
11.3**
15.9**
19.3
23.8
29.1

Hydrostatic compression experiments on mature cement

A-HS1 (30 MPa h-1)
A-HS2 (3 MPa h-1)
A010
A025a
A025b
A050a
A050b
A050c
A100
A150
A200
A250

2.5
2.5
5
5
7.5
10
15
20
25

1–59
1–46
1
2.5
2.5
5
5
5
10
15
20
25

-

-

33.2
~6

Triaxial experiments on mature cement
31.5
28.6
29.0
28.9
28.6
31.1
25.0
25.9
18.9
18.8

44.8
53.8
45.4
53.2
54.0
55.9
60.3
SH
SH
SH

12.4
13.0
9.1
12.4
12.5
10.0
15.3
20.6
24.0
30.0

-

-

Triaxial experiments on reacted cement (R-series, fracture reactivation experiments)

R-A010 (6 w CO2)
R-A050a (6 w CO2)
R-A050c (6 w Ar)

1
5
5

-

21.5
43.9
38.4***

-

-

-

-

4.9
6.4
5.3

Summary of the experiments performed. All tests were conducted at 80°C and a pore fluid
pressure (Pf ) of 5 MPa. All triaxial tests were loaded axially at a constant displacement rate,
corresponding to a near-constant strain rate of 10-5 s-1. The two hydrostatic loading
experiments were performed at the indicated pressurization rates. Pceff denotes effective
confining pressure, σy and σmax denote yield and peak strength, respectively. P* and C* denote
critical stresses for hydrostatic and shear-enhanced compaction, respectively, while σ1% and
σ2% are the differential stresses supported at 1% and 2% axial strain. Ea denotes apparent
Young’s modulus. SH denotes samples showing strain hardening with no peak-stress. *Local
maximum in differential stress followed by strain softening, but later followed by strain
hardening, where the sample supports larger differential stresses. **Should be considered as
approximate only, due to uncertainty related to thermal effects. ***Apparent maximum
related to subsequent strain weakening, not representing loss of cohesion.
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2.2.6 Batch reaction and fracture-reactivation experiments
Batch reaction experiments on selected, shear-fractured samples of mature
cement only (A010, A050a and A050c) were performed for six weeks, using
either water and CO2 (R-A010, R-A050a) or water and argon (control
experiment R-A050c), prior to a second triaxial compression (fracture
reactivation) test. Sample preparation for reaction consisted of carefully
removing the EPDM outer sleeve from the sample after deformation.
Subsequently, the sample ends were sealed against the FEP inner sleeve using
PTFE caps, cemented over the FEP using Loctite Blue silicone sealant. Slots
were then cut in the tight FEP sleeve at the locations of distinct shear-fractures
in the cement samples, to allow access of reactive fluid into to the fractured
zones of the samples.

The samples were then individually placed in closely-fitting batch reactor
pressure vessels (Wolterbeek et al., 2013), along with about 30 ml of
demineralised water, which fully submerged the cement sample (fluid-to-solid
volume ratio of 0.4–0.5). Following evacuation to remove air, the vessels were
pressurized with either argon (non-reactive, control experiment) or CO2
(reaction experiments) at room temperature. Subsequently, each vessel was
isolated from the Ar or CO2 supply and heated in a thermobath to a temperature
of 80°C, producing an initial total pressure of 14 MPa. Over the course of
reaction, the pressure remained constant to within 5 MPa. The reaction
experiments were terminated by depressurizing (venting) the reactor vessels
over a period of 3–6 h, while cooling to room temperature.
In preparation for the second series of triaxial tests, the PTFE caps and Loctite
Blue sealant were carefully removed, the ends of the sample were repolished to
again obtain right cylinders, and a new outer EPDM sleeve was applied. Triaxial
testing was then repeated using the same procedure as described above for the

unreacted, initially intact material, and using the same Pc , Pf , Pceff and T as in
the first phase of triaxial testing. For this second triaxial testing phase, the pore
fluid reservoir and bore in each of the end-pistons (Figure 2.1) were primed
with water.

2.2.7 Microstructural and chemical analyses
Microstructural analysis was performed on the unreacted and deformed
samples (i.e. those subjected to the first phase of triaxial testing only), and on
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the deformed, reacted and re-deformed samples. To prepare the samples for
microstructural analysis, the outer and inner polymer sleeves were carefully
cut off, after which the samples were allowed to dry in an oven at 60°C for four
weeks. This temperature was chosen, following Yurtdas et al. (2006), to
minimise the effects of microcrack formation and ettringite dehydration. After
drying, the samples were impregnated with blue-dyed epoxy resin and
subsequently sectioned axially, to produce whole-sample (thin-)sections. Shear
fractured samples were sectioned approximately perpendicular to the main
fractures present. The sections were studied optically, as well as using a Philips
XL30FEG Scanning Electron Microscope equipped with Energy-Dispersive
X-ray spectroscope (SEM-EDX) and an Edax Orbis PC Micro-XRF Spectrometer
(μXRF). Selected crystalline phases were investigated using X-Ray Diffraction
(XRD) analysis.

2.3 Results

2.3.1 Mechanical data
In the following, compressive stresses, compressive axial strains ( e ) and
dilatant volumetric strains ( eV ) are taken as positive. The principal

compressive stresses are denoted as σ i with σ 1 > σ 2 = σ 3 = Pc in conventional

triaxial experiments. We define the effective confining pressure as Pceff= Pc − Pf

=
(Terzaghi, 1943), and the effective mean
stress as P

(σ 1 + σ 2 + σ 3 ) /3 − Pf

(Wong and Baud, 2012). Peak-strength ( σ max ) is defined as the maximum

differential stress ( σ 1 − σ 3 ) supported by the sample. The term “failure” is used

to describe loss of strength beyond the peak-strength, regardless whether this
is due to abrupt brittle fracturing or more gradual strain softening. For
individual samples, the apparent Young’s modulus ( E a ) was determined from

the initial quasi-linear portion of the differential stress versus axial strain
curves, and the yield strength ( σ y ) was taken as the differential stress at the

upper bound of this linear portion (Fredrich et al., 1989). The differential
stresses supported by all samples at 1% and 2% axial strain ( σ 1% and σ 2% ,

respectively) were also employed as measures of strength. For mature cement
tested in purely hydrostatic compaction mode, we additionally report the
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critical pressure ( P ∗ , following Wong and Baud, 2012) at which hydrostatic
deformation becomes inelastic (i.e. non-linear). For the immature cement
samples, P ∗ was not determined. The key mechanical data for all experiments
are listed in Table 2.1.

Figure 2.2: (a) differential stress and (b) volumetric strain versus axial strain curves for
representative experiments on wet, immature cement. Grayscale indicates effective confining
pressure, where sample codes relate to Table 2.1 (numbers in sample codes denote effective
confining pressure in bar). Experiments Y025a, Y050a and Y150, showing similar behaviour,
are not figured for readability.
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2.3.1.1 Data for immature cement
Representative differential stress and volumetric strain versus axial strain data
obtained during tests on immature cement (cured for 21 days) are plotted in
Figure 2.2. As seen in Figure 2.2a (see also Table 2.1), all samples showed initial
quasi-elastic loading behaviour. At low Pceff (2.5 to 5 MPa), this was followed by

yielding at approximately 20 MPa and failure at differential stresses of
approximately 35-40 MPa, with subsequent gradual strain softening beyond the
yield point. At intermediate effective confining pressures (5 to 15 MPa), the
observed behaviour was transitional between strain-softening and strain-

hardening. At higher Pceff (15 to 25 MPa), no peak in strength occurred. Instead,

after yielding at around 12-14 MPa, strain neutral to strain hardening
behaviour was observed. The apparent Young’s modulus varied from 5.2 to 7.7
GPa, where the lowest values were obtained in tests conducted at high
confining pressure.
Volumetric strain ( eV ) versus axial strain ( e ) curves for immature cement

(Figure 2.2b) showed continuous compaction in all experiments, except in the
test conducted at the lowest effective confining pressure (2.5 MPa). In that
experiment, minor compaction occurred in the first 1% of axial strain, with the
minimum in volumetric strain (i.e. maximum compaction) roughly coinciding
with the peak in sample strength, followed by dilatation at larger axial strains.
No volumetric strain data are available for experiments Y025a, Y050a, Y075
and Y100, as these data could not be reliably corrected for thermal effects.
2.3.1.2 Data for mature cement
Figure 2.3 shows representative differential stress and volumetric strain versus
axial strain data obtained from the experiments on mature cement (cured for
>6 months). The general behaviour is similar to that seen in the experiments on
immature cement, with initial quasi-linear elastic behaviour being followed
either by a peak-strength plus brittle stress-drop or strain-softening, or else by

continuous strain-hardening (Figure 2.3a). At the lowest Pceff investigated

(sample A010, 1 MPa), yield occurred at approximately 31.5 MPa and 0.7%
axial strain. This was followed by strain hardening towards a peak-strength of
44.8 MPa, reached at about 1% strain, and then by sudden failure. A nearconstant residual strength of 15 MPa was attained from approximately 2% axial
strain. At higher but still low Pceff (2.5 to 5 MPa), yielding occurred at about
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0.5% axial strain and slightly lower stress ( σ y = 20 to 29 MPa), prior to

attaining a peak-strength ( σ max ) of 46-54 MPa, reached at ~1.3% axial strain,

followed by more gradual strain softening (cf. A025a and A025b in Figure 2.3a).

Figure 2.3: (a) Differential stress and (b) volumetric strain versus axial strain data for
representative experiments on wet, mature cement. Differential stress and volumetric strain
is interpolated linearly where changes in stress and volume were too rapid to measure
(dotted lines). Grayscale indicates effective confining pressure, where sample codes relate to
Table 2.1 (numbers in sample codes denote effective confining pressure in bar). Experiments
A50c, A150 and A200, showing similar behaviour, are not figured for readability.
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Note that yield and failure in experiment A025a ( Pceff = 2.5 MPa) occurred at

σ y = 20.1 MPa (0.4% axial strain) and at σ max = 53.8 MPa (1.3% axial strain)

with failure being followed by a marked stress-drop, similar to that exhibited

by sample A010 ( Pceff = 1 MPa). At higher Pceff (10 to 25 MPa), yielding occurred

at even lower stress ( σ y = 14 to 22 MPa), as seen in the immature cement tests,

and was followed by near-continuous strain hardening behaviour. Over the
range of confining pressures investigated, the apparent Young’s modulus varied
between 6.1 to 8.9 GPa, with the obtained data crudely delineating a decreasing
trend with increasing effective confining pressure (see Table 2.1), with the
exception of sample A010 ( Pceff = 1 MPa), which showed a comparatively low
apparent Young’s modulus.

Volumetric strain versus axial strain curves for the mature cement samples
showed compaction in all experiments for the first ~1% of axial strain (Figure
2.3b). However, a transition from compactant to dilatant behaviour is seen at
low Pceff (1 to 5 MPa, see experiments A010, A025a, A50a – Figure 2.3b),

roughly at the axial strain where peak-strength is achieved. At the lowest Pceff
(1 MPa), sample dilatation produced a net volume increase. At higher Pceff

(10 to 25 MPa), the data show continuous compaction with increasing axial
strain, though at a gradually decreasing rate.

2.3.1.3 Behaviour of the fractured and reacted samples
Immediately after initial deformation (shown in Figure 2.3 and reproduced in
Figure 2.4), fractured samples A010, A050a and A050c were unloaded and
reloaded to evaluate their post-failure reloading behaviour (Figure 2.4). As
described in Section 2.2.6, these samples were then reacted for six weeks and
subsequently re-deformed (R-series triaxial tests, see end Table 2.1) in an
attempt to reactivate the presumably altered fractures. Figure 2.4 shows
differential stress versus cumulative axial displacement (sum of displacements
measured in all deformation stages) for both the pre- and post-reaction stages
of these experiments. Reloading before reaction showed quasi-elastic
behaviour, with minor decrease in sample stiffness, followed by a continuation
of the strain-softening or strain-neutral behaviour seen at the end of the initial
loading (Figure 2.4). Upon reloading after the reaction stage, all samples again
exhibited quasi-elastic behaviour, similar to that observed prior to reaction.
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Figure 2.4: Differential stress versus cumulative axial displacement data for the fractured
and reacted samples (R-series, fracture reactivation experiments). (a) Experiment R-A050c, a
control experiment employing argon pressurized water during the “reaction” stage. (b)
Experiment R-A010 and (c) experiment R-A050a, employing CO2-saturated water during
reaction. For each sample, the first triaxial testing phase (prior to reaction) is shown in grey,
the second triaxial testing phase (post reaction) in black.
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Exposure of samples to water and argon (R-A050c; non-reactive, control
experiment – see Figure 2.4a) did not result in re-strengthening, as indicated by
the absence of a true peak-stress and close correspondence with the unreacted
cement strength data from the first triaxial testing stage (i.e. no change in
mechanical properties occurred after versus before hydrothermal treatment).
By contrast, both cement samples that were reacted with water and CO2
(R-A010, R-A050a) showed marked re-strengthening, seen as a distinct peakstrength, followed by minor strain-softening towards (near) strain-neutral
behaviour. In experiment R-A010 (Figure 2.4b), σ max measured ~48% of the

peak strength obtained during the first stage of triaxial testing. In experiment
R-A050a (Figure 2.4c) this was ~83%. In addition, for both samples, the
differential stress supported in the post-failure stage was considerably higher
(14% in R-A010; 40% in R-A050a) than that supported in the post-failure stage
of the initial triaxial testing phase.

Figure 2.5: Photographs of deformed cement samples, where (a-c) and (d-e) respectively
show the macroscopic failure modes of the immature and mature cement samples with
increasing effective confining pressure. Blue colouration is caused by the dyed epoxy used to
impregnate the samples.
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2.3.2 Macroscopic failure modes during initial deformation
Externally and in whole-sample section, the deformed-only samples of
immature and mature cement showed broadly similar macroscopic failure

modes (Figure 2.5). At low Pceff (1 to 10 MPa), samples failed in a brittle to semi-

brittle manner, evidenced by distributed near-axial cracks or else localised,
sometimes conjugate shear fractures orientated at ~30° with respect to σ 1 . In

specimens that were not impregnated with epoxy, these shear fractures
retained cohesion. They typically contain only minor amounts of “fault gouge”,
surrounded by a 0.5 to 2 mm wide, micro-fractured damage-zone (for the major
fractures, the extent of the blue-dyed epoxy approximately corresponds to
these zones – Figure 2.5). At these low confining pressures, flattened
macropores were observed in both immature and mature cement, indicating
that some ductile deformation of the matrix occurred.
With increasing Pceff (5 to 25 MPa), macroscopically homogeneous ductile

behaviour became more evident in both sample types, with numerous pores
showing directly observable flattening (see inset Figure 2.5a), and an overall
reduction in visible porosity, compared to undeformed samples. No localised
compaction bands were observed. At these higher confining pressures, only the
two samples deformed to high axial strain (>8%) exhibited distributed
networks of microcracks, sometimes forming conjugate sets and even shearfractures, orientated at 25–35° with respect to the compression direction.
These samples (A100, A200) display features such as irregular fractures and
braided damage zones (1-2 mm), but no loss of cohesion (Figure 2.5f, inset). In
the other samples, deformed to lower axial strains, we found no evidence for
microcracking.

2.3.3 Failure mode and chemical alteration of the reacted samples
The fractured samples of mature cement that were subjected to chemical
reaction and then re-tested (at the original deformation conditions, i.e. at 80 °C
and Pceff = 1 to 5 MPa) deformed in a brittle to semi-brittle manner (Figures

2.6a,b), mainly by reactivation and propagation of pre-existing fractures
introduced during the initial triaxial testing phase. Reactivation is
demonstrated by the chemically zoned and discoloured nature of the cement
surrounding and disrupted by the latest fractures, indicating that these
fractures were already present during batch reaction.
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Figure 2.6: Photographs of deformed-reacted-deformed samples of mature cement, with the
macroscopic failure mode and sample scale reaction-induced zonation for (a) sample R-A010,
and (b) sample R-A050b. Optical micrographs of sample R-A010, with (c) near-complete
calcium carbonate cementation inside a fracture, (d) acicular crystals of aragonite, formed
within one of the larger, open fractures, and (e) alteration developed along pathways going
from pore to pore. Blue colour in (a-d) is due to dyed epoxy used to impregnate the samples.
Finally, (f) SEM micrograph of a newly formed fracture (during second triaxial testing or postexperimental), adjacent to a healed fracture, incurred during initial triaxial testing.

The chemical zonation, present in all reacted samples, was prominently visible
as an orange-brownish colouration (Figures 2.6a,b), penetrating the outer
surface of the samples in addition to bounding larger (pre-existing) fractures.
The reaction fronts observed at the outer cylindrical surface of the samples
have a combined radial penetration depth of about 2 to 6 mm, while along the
fractures they are seen as discontinuous orange zones developed in the fracture
plane walls and varying from indiscernibly thin to about 3 mm in width. XRD
analysis of samples of orange zone material yielded aragonite (~58.8 wt%),
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calcite (~22.5 wt%), vaterite (~10.0 wt%) and brownmillerite (~8.7 wt%), the
last being an occasionally surviving cement phase (Carey et al., 2007; Kutchko
et al., 2007; Mason et al., 2013; Wigand et al., 2009). Though somewhat
obscured by the blue-dyed resin used to impregnate and highlight the fracture
pattern, a thin (~50 µm), white layer could be observed at the outermost
surface of the reacted cement samples. XRD analysis revealed that this white
layer consisted mainly of aragonite (~80%), calcite (~20%) and minor vaterite
(<5%). Similar material was also locally discernible within the fractures,
forming deposits on the fracture surfaces of up to ~200 µm thick. Optical
microscopy revealed that several of the narrower fractures are completely
filled with this material, forming crystalline vein-like structures (Figure 2.6c).
Larger fractures often remained partially open, with white acicular aragonite
lining the fracture walls (Figure 2.6d). By contrast, precipitation of calcium
carbonates was only sparsely observed in the cement macropores (i.e. air
bubbles), though cracks connecting these pores did show some signs of
discolouration (Figure 2.6e).

Figure 2.7 shows µXRF single-element distribution maps for Ca, S, Si, Al and Fe,
for an area around one of the larger fractures in sample R-A010 (mapped
region indicated in Figure 2.6a). In these images, the grey scale (defined per
element) represents element abundance, with lighter shades corresponding to
higher concentrations. Combined, the element maps corroborate the chemically
zoned nature of the cement around the fractures. Progressing from the fracture
core outward, we first observed the acicular aragonite precipitates lining the
fracture walls, here identified by very high Ca concentrations. Within the
fracture walls, we found (I) a zone, up to ~2 mm wide, characterized by
increased Ca and Si, and decreased Al and S concentrations, followed by (II) a
very narrow zone of high Ca concentrations, and (III) a zone of decreased Ca
and increased Al and Si concentrations, up to ~1 mm in extent – see the
interpretation map (Figure 2.7, denoted “i”). The remainder of the cement
appeared relatively unaffected. Comparison of the light and SEM microscopy
results showed Zone I to be a dense region coinciding with the orangebrownish colouration seen optically, while Zone III was greyish optically and
relatively porous.
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Figure 2.7: Micro-X-ray fluorescence maps for Ca, Si, Al, S and Fe, showing an area around
one of the larger fractures in sample R-A010 (mapped region is indicated in Figure 2.6a). Grey
scale (defined per element) qualitatively shows element abundance, with bright illumination
corresponding to higher concentrations. Alteration zones I to III are schematically indicated
on the interpretation map (i).

2.4 Discussion
The current experiments on both mature and immature samples of API-ISO
Class G HSR Portland cement, deformed in compression, wet at 80°C, have
shown a transition from semi-brittle failure behaviour at low effective
confining pressure (1 to 10 MPa) to more ductile deformation, dominated by
strain hardening, at effective confining pressures ranging from 15 to 25 MPa.
Our data further demonstrated a modest increase in peak strength with
increasing confining pressure, i.e. where a peak was seen (Figures 2.2 and 2.3;
Table 2.1). Conversely, yield strength ( σ y ) decreased with increasing confining
pressure (Table 2.1). The experiments on fractured, mature cement samples
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reacted with CO2 and water under hydrostatic conditions showed fracture
reactivation characterized by partial recovery of initial failure strength (up to
83% after six weeks) and an increase in post-failure sliding strength after
reaction (up to 40%). In the following, we first discuss alternative methods for
the quantification of the yield strength of porous materials, to complement the
simple approach used in presenting our results so far. We then use our cement
strength data as a basis for deriving both yield and failure criteria for unreacted
cement, suitable for use in geomechanical analyses of the wellbore system. We
go on to compare our results with previous strength data for wellbore cement.
Finally, we discuss the effects of CO2-induced reactions on strength recovery
(i.e. healing) as well as the implications of our findings for well integrity in the
context of geological storage of CO2.
2.4.1

Quantification of the onset of inelastic yield in unreacted samples

2.4.1.1 Mature cement samples
In addition to the method used here to define σ y (Fredrich et al., 1989), the

initial yield stress of porous rock materials is often defined in terms of the onset
of shear-enhanced compaction, identified by comparing hydrostatic and nonhydrostatic loading data in a plot of effective mean stress ( P ) versus pore
volume change ( ∆Vp% ) (Wong and Baud, 2012). We adopt this approach in
Figure 2.8, which shows representative data for our triaxial tests on unreacted
mature cement samples (A010, A025a, A050a, A100, A150, A200 and A250),
together with reference data obtained from our two hydrostatic compaction
experiments (A-HS1 and A-HS2). Note that the approach cannot be applied to
our immature samples as no hydrostatic tests were done on these.

Let us first focus on the hydrostatic loading curve of experiment A-HS1 (solid
black curve, Figure 2.8). This sample was loaded at a rate of roughly 30 MPa h-1,
chosen to be comparable with the loading rate achieved in the triaxial
experiments, in terms of effective mean stress versus time. Despite minor initial
stiffening of the sample (probably related to closure of microcrack porosity),
this curve shows an undulating but relatively linear, presumably poro-elastic
portion up to the point denoted PA∗−HS 1 , beyond which the curve becomes

markedly nonlinear (Figure 2.8). This point represents the critical effective
pressure, P ∗ (33.2 MPa, for hydrostatic loading of mature cement at a rate of
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~30 MPa h-1), associated with the onset of inelastic compaction due to
hydrostatic pore collapse – see Wong and Baud (2012), and references therein.

Figure 2.8: Effective mean stress (P) versus pore volume change data for representative
triaxial compression tests performed on wet, mature cement (A010, A025a, A050a, A100,
A150, A200, A250). For comparison, data obtained from two hydrostatic compaction
experiments (A-HS1, A-HS2) are also provided. Points denoted P* are the hydrostatic critical
effective pressures, while points denoted C* and C*’ represent critical stress states for shearenhanced compaction and dilatation, respectively (nomenclature of Wong and Baud, 2012).

Turning now to our triaxial data in Figure 2.8, deviations from the hydrostatic
curve imply that deformation depends on the deviatoric stress and is no longer
poroelastic (Wong and Baud, 2012; Wong et al., 1997). For experiment A010
( Pceff = 1 MPa), the data initially follow the hydrostatic curve. However, at an

effective mean stress of about 12.4 MPa, deviation from the hydrostatic curve
occurs at C ∗ , indicating the onset of shear-enhanced compaction. This is

followed by a sharp transition from compactant to dilatant behaviour at C ∗' ,

following the nomenclature of Wong and Baud (2012).

For experiments A025a to A250 ( Pceff = 2.5 to 25 MPa; see Table 2.1), the

origins of the triaxial data (i.e. at P = 2.5 to 25 MPa) were shifted horizontally
in Figure 2.8 to lie on hydrostatic curve A-HS1. This is equivalent to assuming
that only poroelastic deformation had occurred during application of the
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effective confining pressure prior to triaxial testing (Wong and Baud, 2012).
Treated in this way, the initial parts of the curves obtained in our triaxial tests
on mature cement show less net compaction at fixed effective mean stress than
hydrostatic curve A-HS1. Recalling our microstructural observations for these
samples, it is unlikely that this is related to initial microcracking of the samples
compared to the hydrostatic case. More likely, the initial steepening of the
triaxial curves, relative to the hydrostatic curve, is caused by stress- and/or
time-dependent compaction of the cement samples during pre-test
pressurization and equilibration. Here it should be noted that the initial
conditions, i.e. prior to axial loading, for the hydrostatic experiments and for
triaxial test A010 were equivalent, while the other triaxially tested samples
experienced a higher effective confining pressure during heating and machine
equilibration. To approximate the onset of shear enhanced compaction ( C ∗ ) for

samples A025a to A250, we therefore determined the point at which the
effective mean stress versus pore-volumetric strain data deviates from linearity
(see example for C A∗ 250 in Figure 2.8), using the method previously applied to
determine the yield strength from differential stress versus axial strain data
(Fredrich et al., 1989). The values for C ∗ thus obtained are given in Table 2.1.

In view of the above, the potential impact of loading rate, i.e. of time-dependent
compaction, was assessed by comparing the results of experiment A-HS1 with a
second hydrostatic compaction experiment (A-HS2), performed at a ten times
slower hydrostatic loading rate (~3 MPa h-1). As seen in Figure 2.8 (dashed
black curve), the effective mean stress versus pore volume reduction data of the
two hydrostatic experiments roughly align up to P ≈ 6 MPa. This corresponds
to the critical effective pressure ( PA∗−HS 2 ) for the more slowly loaded sample (A-

HS2), beyond which non-linear behaviour and markedly more compaction
occurs. Midway during experiment A-HS2, hydrostatic loading was paused,
holding P at 17 MPa for a period of about 13 h, during which significant
(~1.5%) pore volume reduction occurred (Figure 2.8). After reinitiation of
active hydrostatic loading, the sample showed a steeper curve compared with
before the hold period, reflecting increased resistance to compaction after the
hold. Together with the similar steepening seen in the early stages of the
triaxial curves (compared to the A-HS1 data – see Figure 2.8), the results for
sample A-HS2 prove that our yield data include some time-dependence, such as
creep effects, or hydro-mechanical effects caused by poor drainage (i.e. pore
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fluid pressure build-up) of the cement samples (Ghabezloo et al., 2008; Vu et al.,
2012).

2.4.1.2 Immature cement samples
Since no hydrostatic compaction experiments were performed on immature
cement, the yield strength of these samples cannot be treated using the method
of Wong and Baud (2012) described above. However, C ∗ can be estimated in

the same way as for the majority of our mature cement samples, i.e. from the
departure from linearity in an effective mean stress ( P ) versus pore volume
change plot (cf. Figure 2.8). Applying this procedure to our triaxial tests on
immature cement samples led to the C ∗ estimates given in Table 2.1. Note they
are generally comparable with the values obtained for the mature cement.

Figure 2.9: P-Q diagrams showing yield and failure data in terms of σmax, C*, P*, σy, σ1% and
σ2% for (a) immature and (b) mature cement. The lines marked UCSP and UTSP denote stress
paths for hypothetical uniaxial compressive and uniaxial tensile loading, respectively, added
for reference purposes, while T0 and C0 denote the unconfined tensile and compressive
strengths of the cement. In Figure 2.9b, the solid grey line denoted C&C is a fit to the C* data
employing the shear-enhanced pore collapse model by Curran and Carroll (1979). Similarly,
the dashed black line denoted Zhu20° is a fit to the C* data employing the Zhu et al. (2010)
model, assuming a Drucker-Prager criterion with 20° internal friction angle. The three curves
denoted Eqn. 8 represent end-cap model fits obtained with this equation (see Zhu et al.,
2010), using P* values as indicated. For the immature cement, no model fits to the C* data
were produced (Figure 2.9a), as P* was not determined for this material.
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2.4.2 Yield and failure criteria for unreacted cement
To delineate baseline yield and failure criteria (i.e. stable versus unstable stress
states) for unaltered Class G Portland cement, we now plot our compressive
strength data ( σ y , σ max , σ 1% , σ 2% , P ∗ and C ∗ ) in so-called P -Q space for the first

phase of triaxial testing of all immature and mature cement samples – see
Figure 2.9. P -Q space is widely used to represent the yield and failure

behaviour of granular and porous rock materials – e.g. Roscoe et al. (1958),
Rutter and Glover (2012) and Wong and Baud (2012). Following these authors,
P and Q are related to the first and second invariants of the Cauchy stress
tensor ( I1 ) and the deviatoric stress tensor ( J2 ), respectively, via the relations
I1
P=
− Pf and Q =
3 J2
3

(2.1)

1
2
2
2
)1 = σ 1 + σ 2 + σ 3 and J2 = (σ 1 − σ 2 ) + (σ 2 − σ 3 ) + (σ 3 − σ 1 ) 
6

(2.2)

where

Note that P is the effective mean stress already defined, while Q is a measure of

the (octahedral) shear stress. In a hydrostatic loading experiment, P = Pceff and

σ=
Pc , as in our conventional triaxial
Q = 0. In the case where σ=
2
3

=
P
experiments,

(σ 1 + 2Pc ) /3 − Pf

and Q reduces to the differential stress

( σ 1 − Pc ), so that Q = 3( P − Pceff ) . For uniaxial conditions, Pceff = 0. Stress paths

(SP) corresponding to hypothetical uniaxial compressive (UC) and uniaxial
tensile (UT) loading are accordingly represented by the lines Q = ±3P , as

plotted in Figure 2.9 (dashed grey lines denoted UCSP and UTSP, respectively)
for reference purposes.
2.4.2.1 Brittle failure criteria
We first discuss brittle failure, as this behaviour is expected to have the most
profound impact on well integrity. To obtain expressions describing brittle
shear failure of cement from our peak-strength (σmax) data, we assume a linear
or Drucker-Prager criterion (Drucker and Prager, 1952), written in the form:

=
Q aP + b

(2.3)
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where a and b are experimentally determined constants. For our experimental
conditions, a and b can be related to the Mohr-Coulomb failure parameters via
(Davis and Selvadurai, 2002):

a
=

6sinϕ
6c cosϕ
and b
=
3 − sin ϕ
3 − sinϕ

Further, it is easily shown that

=
C0

2c cosϕ
3b
=
1 − sinϕ 3 − a

(2.4)

(2.5)

Here, c denotes cohesion, µ = tanϕ is the coefficient of internal friction, ϕ is

the angle of internal friction and C0 is the unconfined compressive strength.

Brittle failure of our immature and mature cement samples was in both cases

characterized by a peak-strength ( σ max ), which increased with confining

pressure (Figures 2.2, 2.3). The associated macroscopic failure mode indicates
that failure occurred mainly via the development of localised shear fractures
(Figure 2.5). With reference to the P -Q plots for the immature and mature

samples presented in Figure 2.9, the peak-strength data can be fitted
reasonably well by linear relationships, given
Qimmature
= 0.58P + 26.3
Q=
1.14P + 27.4
mature

(2.6)

In terms of the Mohr-Coulomb failure parameters, this yields C0 = 32.6 MPa

and ϕ = 15.1° for immature cement. For mature cement, C0 and ϕ values of

44.2 MPa and 28.4° are obtained.

From Figure 2.9, it is clear that the above Drucker-Prager criteria intersect the

uniaxial compressive stress path (UCSP) at the point Q = C0 , as expected.

Extrapolation of the Drucker-Prager criterion beyond this point to lower P and
Q values has no physical meaning, as this would imply stress states involving a
negative effective confining pressure and hence extensional rather than shear
failure. The brittle failure envelopes were therefore extended to lower P and Q
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values, to describe extensional failure, as follows. First we estimated the
uniaxial tensile strength ( T0 ), which for cements is typically about one tenth of

the uniaxial compressive strength C0 (Hsu and Slate, 1963; Taylor, 1992).

Assuming a linear relationship between T0 and C0 , given simply as T0 = C0 /10 ,
and using Equations 2.4 and 2.5, resulted in Q = ( 27P + 2C0 ) /11 (following

Pariseau, 2011). The failure envelopes thus obtained are indicated in Figure 2.9
using black, solid lines.

2.4.2.2 Criteria for inelastic yield
Criteria for first yield were obtained by plotting the critical stresses for shearenhanced compaction ( C ∗ ) of our unreacted immature and mature cement
samples in P -Q space, as shown in Figures 2.9a and 2.9b, respectively, along

with the P ∗ data for hydrostatically compacted mature samples (Figure 2.9b).
For both sample types, yield strength ( σ y ) data are also plotted for comparison
(Figures 2.9a,b), but have not been used in the construction of the yield
envelopes discussed below.

For both immature and mature cement, the C ∗ data, as well as the σ y data, show

a negative dependence of Q on P , consistent with a shear-enhanced

compaction failure envelope, or end-cap, of the type often obtained from
triaxial experiments on porous rock materials (Wong and Baud, 2012). As
previously observed by Wong et al. (1997) for sandstone, and Zhu et al. (2011,

2010) for limestone and tuff, the C ∗ data can generally be described using an
elliptical fit in P -Q space, of the form

( P / P ∗ − γ ) + (Q / P ∗ )
(1 − γ )

2

2

δ2

2

=
1

(2.7)

where γ and δ are empirical constants, and P ∗ is the critical hydrostatic

pressure for compactant yield (Wong et al., 1997). Most of our mature cement

C ∗ data can be described reasonably well using this relation (not shown in

Figure 2.9), taking P ∗ = 33.2 MPa, as measured, and using γ and δ values of

0.1–0.3 and 0.5–0.7, respectively, which fall close to the range for limestones
and tuffs ( γ ≤ 0.4, δ ≥ 0.7) given by Wong and Baud (2012). No fit of this type
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could be obtained for the immature cement, as P ∗ was not determined for this

material. Note, however, that the C ∗ data (and σ y data) for immature cement,

like those for mature cement, clearly delineate an end-cap-like trend with

increasing effective mean stress, suggesting a P ∗ value in the range 25-40 MPa
(Figure 2.9a). Together with the frequent occurrence of flattened macropores
in the deformed samples (Figure 2.5), the data on C ∗ and P ∗ (and also σ y )

suggest that both the immature and mature cement samples yielded by “shearenhanced plastic pore collapse” (Baud et al., 2000; Curran and Carroll, 1979).

Aside from empirical end-cap criteria for yield (i.e. Equation 2.7), the models
proposed by Curran and Carroll (1979) and Zhu et al. (2010) can potentially be
applied to describe yield of our mature cement samples, as the spherical pore
geometry assumed in these models is quite realistic for the macropores (air
bubbles) present in undeformed cement (Taylor, 1992). Both models consider a
single pore surrounded by a linear elastic material governed by a DruckerPrager yield criterion (or a Von Mises criterion, if the internal friction angle is
assumed zero, corresponding to perfectly plastic yield). Curran and Carroll
(1979) provide an analytical solution for a concentric spherical shell of material
with inner radius r (= pore radius) and outer radius R , assuming the
macroscopic stresses to act on the outer shell surface. By contrast, Zhu et al.
(2010) used the analytical solution, provided by Timoshenko and Goodier
(1951), for a spherical pore of radius r , embedded in an infinite medium under
stress. The two models converge as r / R ⟶ 0. In both models, macroscopic

yield initiates when the local stresses at the pore wall exceed those specified by
the governing Drucker-Prager criterion, resulting in yield criteria, in terms of

macroscopic stress state, that are elliptical in P -Q space. Both require P ∗ data
as input, so can only be applied to our mature cement data.

As noted by Vajdova et al. (2004), for a variety of porous rock types, the pore

collapse models are usually unable to explain combined hydrostatic ( P ∗ ) and

non-hydrostatic ( C ∗ ) yield data using one set of model parameters. Moreover,
there is considerable scatter in our data, preventing rigorous comparison and
implementation of the models. Therefore, following the approach of Vajdova et

al. (2004), our mature cement C ∗ data were bracketed using lower and upper
bound model fits (Figure 2.9b). For all our fitting calculations, we assumed a
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Poisson’s ratio (ν ) of 0.25, which is typical for cement (Swamy, 1971), noting

that deviations have only a small effect on the yield criterion (Zhu et al., 2010).

In applying the Curran and Carroll (1979) model to our P -Q data for C ∗ , we

used the equations provided by Baud et al. (2000, Appendix). Following these
authors, we selected the ratio r / R such that (r / R )3 equals the measured
initial porosity (40.1% ± 1.2%), which is equivalent to assuming that R is
related to the mean pore spacing. Applied in this way, the Curran and Carrol
(1979) model, when adjusted to match at PA∗−HS 1 , provided a reasonable lower

bound envelope to our C ∗ data, underestimating strength slightly (solid grey
line denoted C&C, Figure 2.9b).

A nearly identical fit to our C ∗ data for mature cement could be obtained using

the Zhu et al. (2010) model, employing a Drucker-Prager criterion with an
internal friction angle of 20° to describe the matrix material (dashed black line
denoted Zhu20°, Figure 2.9b). Using a von Mises criterion in the Zhu et al.
(2010) model instead, provided a somewhat better overall agreement with the
complete set of C ∗ data, especially those obtained in experiments A010 and

A025a (dotted black line, Figure 2.9b, cf. Table 2.1). For this model case, the
yield cap takes a simplified form (Wong and Baud, 2012; Zhu et al., 2010):
3
7 − 5ν
Q
=
P ∗ 20 7ν 2 − 13ν + 7
2


×  4 (7ν 2 − 13ν + 7 ) − 27 (1 −ν )2  P  − (1 +ν ) P∗ 
∗
P 

P 

(2.8)

The above expression was also used to construct an upper bound envelope for

yield of the mature cement. To this end, P ∗ was adjusted to acquire a best fit to

the C ∗ data obtained in experiments A010 and A025a, i.e. at low confining

pressure (dashed-dotted black line, Figure 2.9b). This required P ∗ to be
increased to ~45 MPa, thereby overestimating the measured PA∗−HS 1 of 33.2 MPa

by ~36%. Note that this upper bound also brackets our yield strength ( σ y )

data reasonably well. The Curran and Carrol (1979) model gave a poor upper
bound fit to the C ∗ data, not shown in Figure 2.9b.
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The considerable scatter in our data on the yield strength ( σ y , P ∗ , C ∗ ) of

mature cement samples, does not warrant detailed comparison between the
various model fits. However, in more qualitative terms, together with the
unconfined compressive loading or stress path (UCSP), all of the yield criteria
discussed above for mature cement form a subtriangular region in P -Q space

(Figure 2.9b). Assuming wellbore cement has negligible tensile yield strength,
this region represents the stress states where deformation is predominantly
poroelastic, for the strain rates imposed on our cement samples during triaxial
testing.

2.4.2.3 Evolution of the yield envelope with increasing strain
Focusing now on the stress supported by our samples beyond yield, i.e. at 1%
and 2% axial strain, and in the approach to failure at σ max , our results for both

immature and mature cement show a general tendency for the compactional
yield cap to expand with accumulating axial strain (Figures 2.9a,b). The
expansion of the compactional yield cap represents the strain hardening
observed in both sample types (Figures 2.2 and 2.3) and is qualitatively similar
to the evolution of the yield cap seen in porous sandstones as volumetric strain
increases and porosity decreases (Baud et al., 2006). It implies inelastic
material strengthening or strain hardening until the failure criterion is attained.
In this way, at low effective confining pressure ( Pceff < 10 MPa), compaction

evolves towards shear-induced dilatation (Figures 2.2, 2.3 and 2.8, A010, point

C ∗' for mature cement), followed finally by brittle failure via localised shear

fracture at the peak-strength (~1% axial strain). Conversely, at higher effective

confining pressure ( Pceff > 10 MPa), shear-enhanced compaction dominates

deformation – see Figures 2.2, 2.3 and 2.8.

2.4.2.4 Effect of time-dependence on the yield strength criteria
The inability of the end-cap models (Curran and Carroll, 1979; Zhu et al., 2010)
to unify our experimental yield data for mature cement may be related to
several possible reasons. For example, while the macropores in cement paste
are near-spherical, the model pore-geometry is idealised and simplified, and
does not account for the nano-porous nature of the cement matrix (i.e. the gelporosity). Also, potential effects of chemical processes such as dissolution
(Stefanou and Sulem, 2014) are not accounted for in the models considered.
Moreover, it is likely that our measured yield strength data contain significant
76

Effect of CO2 on mechanical behaviour of fractured cement
components of time-dependent (i.e. inelastic) deformation or creep. This
possibility is most apparent in our mean effective stress versus relative pore
volume change data (Figure 2.8), where hydrostatic experiment A-HS1 showed

more compaction than any of the triaxial experiments conducted at Pceff > 1

MPa (Table 2.1; see Section 2.4.1). As the strain rates and loading rates
employed in the hydrostatic and triaxial compression tests are inevitably
different, time-dependent processes, and different degrees of strain-hardening,
may result in different strength envelopes, producing scatter in the data. This
further implies that the poroelastic region in P -Q space may be smaller than

indicated by our yield data, especially if lower strain rates are considered. To
demonstrate this rate-sensitivity of the yield strength criteria, we used
Equation 2.8 to obtain a yield cap model fit to the critical effective pressure of

P ∗ ≈ 6 MPa obtained in hydrostatic experiment (A-HS2), which was
pressurised ten times slower. As shown in Figure 2.9b (see greyed area), this
entails a substantial decrease in the size of the yield cap, compared with the one
roughly delineated by our triaxial data. As such, caution is needed in applying
the yield cap envelopes to low deformation rates in geomechanical models.

2.4.2.5 Comparison with previous data on cement yield and failure
In Figure 2.10, the above yield and failure data for unreacted immature and

mature cement are compared with yield ( σ y ) and failure ( σ max ) data

previously obtained for Class G Portland cement. The available previous data
are on samples cured for 28 days by immersion in lime solution and tested at
room temperature (Xie et al., 2008) and 90 °C (Takla et al., 2010; Yurtdas et al.,
2011). Our immature samples (21 days curing) failed at slightly lower, but

comparable peak differential stresses ( σ max ), while the peak-strengths

supported by our mature cement samples (>6 months curing) plot about 1020% higher than previously reported for 28-day samples. This may be
explained by the strengthening that is generally observed with ongoing
hydration, associated cement densification and homogenisation (Chang and
Chen, 2005; Çolak, 2006). Overall, there is reasonable agreement between our
data and those of Xie et al. (2008) regarding the yield strength ( σ y ), though our
data show significantly (~30%) lower yield strength at higher effective
confining pressures ( Pceff = 10 – 25 MPa). This could be related to the

aforementioned rate-effects. Alternatively, it may be due to curing conditions,
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as we used water instead of lime solution for long-term curing. Although the
fluid-to-cement ratio was low during curing of our samples, this may have
resulted in portlandite dissolution, potentially generating minor additional
porosity. On the other hand, under down-hole conditions, similar dissolution
processes can be expected to play a role due to reaction between the alkaline
cement and less alkaline formation fluids (Scherer et al., 2011), so that our data
may be more realistic.
2.4.3

Effect of CO2-induced reactions on the composition
and mechanical properties of cement
We now consider the effects of the chemical reaction stage of our experiments,
recalling that, following the first phase of triaxial testing of mature samples,
selected shear-fractured examples were reacted with CO2 plus H2O under
hydrostatic conditions ( T = 80 °C, Pf ≈ 12 MPa, t = 6 w) and then re-deformed
(R-series, Table 2.1). Compared with the single control experiment (R-A050c)
performed using argon plus H2O, reaction with CO2-saturated water resulted in

re-strengthening of the samples via the reappearance of a peak-strength ( σ max

data are plotted in Figure 2.10), as well as in increased post-failure frictional
strength (Figure 2.4). From our microstructural and mineralogical
observations, we infer that this re-strengthening is related to calcium carbonate
precipitation (Figures 2.6 and 2.7), leading to cementation of the fractures. In
the following, we compare our findings with previous studies of the effects of
CO2-induced reactions on the mechanical properties of cement, in an attempt to
explain our experimental observations in more detail.

2.4.3.1 Effect of reaction on unfractured cement: Previous work
We begin by considering previous work on reactions in mechanically intact (i.e.
unfractured) cement, treating this as a chemical reference system. It is wellestablished that exposure of unfractured Portland-based cement to a CO2bearing aqueous fluid leads to pH-buffering of the cement pore fluid by
dissolution of portlandite [Ca(OH)2] and de-calcification of the calcium silicate
hydrate (C-S-H) phases, plus precipitation of calcium carbonates and aluminosilicates (Barlet-Gouédard et al., 2009; Kutchko et al., 2009, 2008, 2007; Mason
et al., 2013; Rimmelé et al., 2008; Wigand et al., 2009). Within the cement
matrix, these fluid-cement interactions are generally diffusion-controlled
(Duguid, 2009; Huet et al., 2010) and hence typically produce a series of
alteration fronts (Geloni et al., 2011; Raoof et al., 2012). From the exposed
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surface of the cement to its interior, the following reaction zones have been
widely identified: (Z1) an extensively-leached, amorphous alumino-silicate
dominated zone, (Z2) a zone characterised by calcium carbonate precipitates,
(Z3) a narrow zone of dense carbonation, (Z4) a portlandite-depleted cement
zone and (Z5) unaltered cement (Barlet-Gouédard et al., 2009; Kutchko et al.,
2009, 2008, 2007; Mason et al., 2013). Note that zones I+II and III, observed in
our experiments, correspond well with Z2+Z3 and Z4, respectively. These
chemical reactions involve changes in composition, specific surface area and
porosity that may affect the mechanical properties of the cement.

Figure 2.10: P-Q diagram comparing the results of the present study with previous literature
data. *Including appropriate P* data. The dotted grey line marked UCSP denotes the stress
path for hypothetical uniaxial compressive loading, added for reference purposes. The dark
grey arrow and dashed light grey lines are added to illustrate cement strengthening as
observed by Takla et al. (2010). Note that the data reported by Takla et al. (2010) involved
reaction with wet subcritical CO2, opposed to reaction with CO2-saturated water employed in
the present study.
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Occurrence of the above reactions in mechanically intact cement results in a
transition from a more-or-less homogeneous material to a mechanically
heterogeneous material, complicating bulk mechanical characterization (Chang
and Chen, 2005; Hangx et al., 2015). For this reason, most mechanical data
available in the literature are derived from scratch hardness and micro- or
nano-indentation measurements, made on individual reaction zones. These
show Young’s modulus progressively decreases with reaction, by respectively
~25%, ~36% and ~66% for zones Z4, (Z2+Z3) and Z1, compared to unaltered
cement (Z5) (Fabbri et al., 2009; Hangx et al., 2015; Li et al., 2015; Mason et al.,
2013). Hardness measurements (Kutchko et al., 2009; Li et al., 2015; Mason et
al., 2013) indicate weakening (5-90%) in the portlandite-depleted cement zone
(Z4), strengthening (10-210%) at locations of calcium carbonate precipitation
(Z2+Z3), and variable change (from 40% weakening to 25% strengthening) in
the amorphous zone (Z1). Note that all of these measurements were performed
on dried samples, so likely overestimate the strength of wet material (Mason et
al., 2013; Smith et al., 1995).

Though the cylindrical samples used were likely non-uniformly reacted,
mechanical tests by Chang and Chen (2005) on concrete reacted with CO2 for
one year under ambient conditions (23°C, 20%-CO2 atmosphere, 70% RH) have
shown that while porosity decreased 16%, compressive strength and Young’s
modulus increased 55% and 17%, respectively. Similar findings have been
reported for Class A and Class G Portland cements exposed to CO2 under
conditions more representative for geological storage (Condor and Asghari,
2009; Liteanu et al., 2009). This reaction-induced strengthening is illustrated in
Figure 2.10 using peak-strength data obtained by Takla et al. (2010) from
uniaxial and triaxial compression experiments performed on mechanically
intact, cement samples reacted with wet, subcritical CO2 at 90 °C.
2.4.3.2

Effect of reaction on fractured cement: Present findings

2.4.3.2.1
Chemical zonation
In previous experiments on cement containing (simulated) fractures,
employing both near-static (Jung et al., 2014; Liteanu and Spiers, 2011) and
through-flowing pore fluid (Abdoulghafour et al., 2013; Cao et al., 2015; Luquot
et al., 2013; Wigand et al., 2009), reaction zones Z1 to Z4 (see Section 2.4.3.1)
tended to develop subparallel to the fracture surfaces. In our deformed samples
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subjected to six weeks of reaction with CO2 (see aforementioned zones in
Figure 2.7) zones Z2+Z3 (cf. I+II) and Z4 (cf. III) can be clearly recognized
around the fractures present, while zone Z1 is presumably indiscernibly thin or
more likely obscured by the deformation that occurred during the second
triaxial phase. Compared to typical literature values, relatively thick alteration
rims (mainly Z2) formed in our samples, reaching up to 6 mm at the outside of
the samples. This could be related to curing conditions (Jung and Um, 2013),
but may also be related to the presence of microcracks, created during initial
triaxial testing. The alteration zones bounding the fractures present in our
samples are thinner than those at the outside surface, probably reflecting the
availability of reactive material (in the fractures cement is present on both
sides). Reaction at the sample surfaces may also have been aided by a relatively
easy access of fluid, compared to the fracture surfaces, due to the FEP sleeve
not effectively sealing against the cement sample surface under the unconfined
conditions used for reaction. Conversely, along-fracture saturation of the
reacting fluid may have resulted in the narrower alteration zones and the
partial-infilling of fractures by the aragonite precipitates observed (Figures
2.6c,d). Aragonite occurs abundantly in wellbore cement cores obtained from
the natural CO2-bearing reservoir investigated by Crow et al. (2010), so may be
the true reaction product in the present and similar experiments conducted at
80°C (Wolterbeek et al., 2013). However, it has also been associated with rapid
pore fluid degassing in fractures (Kampman et al., 2012) and it cannot be
excluded that the aragonite precipitates are related to pressure-loss occurring
in the vessel during reaction (up to 5 MPa – see Section 2.2.6) or upon
experiment termination.

2.4.3.2.2
Effects on mechanical behaviour
In fractured cement samples, bulk-scale mechanical behaviour will, to a large
extent, be controlled by the properties of the fractures (Jaeger et al., 2007). It is,
therefore, reasonable to interpret our triaxial test data on the deformed and
reacted samples (R-series, Table 2.1) in terms of changes in properties of the
fracture surfaces. Our fractured cement samples showed partial strength
recovery, evidenced by the reappearance of a well-defined peak-strength (up to
83% recovered), along with a general increase (14-40%) in the post-failure
frictional strength (Figure 2.4). Given our microstructural and chemical
observations, we infer that this strengthening is likely dominated by
cementation of the fractures by calcium carbonates, mainly in the form of
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aragonite (Figures 2.6, 2.7). Our interpretation is that this cementation leads to
the increased peak and frictional strength because a) carbonates are relatively
strong minerals (Verberne et al., 2010) and b) precipitation can result in a
reduced local porosity (Chen et al., 2015). Similar cementation was found by
Liteanu and Spiers (2011), who observed marked homogenisation and a high
calcium carbonate coverage (about 80%) of fracture surfaces in Class A
Portland cement reacted with CO2 for 90 days under similar conditions.

A further contribution to the observed increase in the post-failure (frictional)
strength of our samples may lie in reaction-enhanced deformability of solidsolid contact points in the chemically depleted reaction zones (see Section
2.4.3.1) lining the fracture walls (Mason et al., 2013). This has previously been
invoked as an aperture closure (or “asperity weakening”) mechanism by Huerta
et al. (2013, 2009) and Walsh et al. (2014a). In fractures subject to a normal
stress, asperity-weakening of this type can lead to increased contact area across
the fracture that translates into increased frictional strength. Such a mechanism
would be dependent on confining pressure, which is consistent with the fact
that in our experiments a larger increase in post-failure strength was observed
at Pceff = 5 MPa than at Pceff = 1 MPa (cf. R-010 and R-050a, Figure 2.4). If the

fracture surfaces were to consist of relatively strong asperities (e.g. calcium
carbonate precipitates) positioned on a relatively weak, deformable substrate
(reaction zones Z1 and Z4), this could similarly lead to an increased contact
area across the fracture, as asperities indent into the matrix. However, as no
asperity-related effects were observed in the microstructure of our reacted
samples, and as the re-shearing strength of fractured rock samples generally
increases with Pceff , even without reaction (Jaeger et al., 2007), asperity

weakening or indentation effects are believed to be of subordinate importance
to calcium carbonate cementation. Note that, compared to the observations by
Huerta et al. (2013, 2009) and Walsh et al. (2014a), our static reaction
experiments produced relatively little zone Z1 amorphous material, which may
have limited the potential for softened asperities.

2.4.4 Implications for well integrity in CO2 storage systems
From a geomechanical point of view, loss of sealing-capacity in wells can be
related to fracturing of the cement, debonding at the casing-cement-formation
interfaces, or both. This type of structural damage can develop in several ways,
starting with (inadequate) well completion and abandonment (Barclay et al.,
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2001). Inherent to the hydration reactions involved, Portland cement shrinks
during setting and hardening (Dusseault et al., 2000; Taylor, 1992), which
results in radial deformation that may be expressed by cracking of the cement
sheath (Orlic, 2009) and debonding at the casing-cement and/or cementformation interfaces (Jackson and Dusseault, 2014; Jung et al., 2014; Orlic,
2009). Bearing in mind that most fractures within the cement or at its
interfaces will, at least initially, be of limited vertical extent, and considering
that transport in such defects is generally governed by diffusion (Dusseault et
al., 2000; Wolterbeek et al., 2013), the present experiments, involving reaction
in the presence of a static fluid phase, can be expected to be relevant to the
behaviour of wells that contain fractures and other flaws, but are free of major,
through-going leakage pathways.

2.4.4.1 Inferences from our mechanical data
The yield and failure criteria for our unreacted cement samples (Figure 2.9) can
be used to provide constraints on stable versus unstable compressive stress
states for cement seals in a well system. This in turn will determine the
vulnerability to access by reactive CO2-rich fluids. Our σ max data show that

cement, like most rock materials, is most prone to dilatational shear failure,
hence permeability enhancement, under conditions of low effective mean stress
plus high differential stress. Whether these failure conditions are reached in a
well depends on the initial state of stress in the cement seals and the
subsequent changes in downhole temperature and stress state, caused during
hydrocarbon production and/or CO2 storage (Lewis et al., 2012; Mainguy et al.,
2007; Orlic, 2009; Ravi et al., 2002; ter Heege et al., 2015; Thiercelin et al.,
1997). Unfortunately, it is far from trivial to determine the initial state of stress
in cement seals, or how this evolves, with any certainty (Bois et al., 2012; SaintMarc et al., 2008). Nonetheless, our cement failure data imply that it is
generally desirable for the cement to remain under high isostatic confinement
(i.e. high P relative to Q ), to inhibit dilatational modes of failure.
More importantly, our yield data demonstrate that cement easily compacts via
permanent, irreversible deformation processes if subjected to increasing
isostatic confinement or effective mean stress. This tendency is widely
recognized and has been attributed here to pore collapse (see also Jennings
(Jennings, 2008)), though sliding of C-S-H sheets has also been invoked
(Alizadeh et al., 2010). Irrecoverable compaction will play a key role in well
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integrity, as its occurrence implies that reversals in the stress path experienced
by the cement seals of a legacy well, such as a) cyclic loading and unloading
during its production-life, or b) reservoir depletion followed by repressurization during CO2 storage, can result in stress-strain incompatibilities,
which in turn may lead to failure, in particular tensile failure. Reversals in the
wellbore stress path, especially if this migrates outside the apparently elastic
region defined in P -Q space by the UCSP and Equations 2.7 and 2.8, should
therefore be avoided. In this way, the present experiments demonstrate that it
is essential to include the inelastic compaction behaviour of cement and yield
plus failure criteria such as ours in geomechanical analyses of the wellbore
system, corroborating previous assessments by Bois et al. (2013). It should be
noted, however, that the yield (and failure?) criteria for cement are sensitive to
time and rate-effects, as demonstrated by our second hydrostatic loading
experiment (A-HS2), which implies a significant reduction in yield strength for
slower deformation-rates (see greyed area, Figure 2.9b). A more systematic
study of the importance of these time and rate-effects is clearly needed
(Ghabezloo et al., 2008; Vu et al., 2012).

The above-mentioned uncertainties regarding the initial stress state and its
subsequent evolution (both of which will be well-specific), inevitably
complicate failure analysis. Nonetheless, even if the cement initially provides an
adequate hydraulic seal, it is generally likely that some fractures and/or
debonding defects will develop, which may grow and interconnect due to
ongoing changes in downhole temperature and stress state (Lewis et al., 2012;
Mainguy et al., 2007; Orlic, 2009; Ravi et al., 2002; ter Heege et al., 2015;
Thiercelin et al., 1997). The implications this has for well integrity not only
depend on whether failure occurs, but also on the location and along-well
extent of the defect (Bois et al., 2013; Carey, 2013), and on subsequent
interaction with any migrating fluid.

2.4.4.2 Effects of chemical reaction on wellbore integrity
While the possibility of leakage pathway formation due to stress or
temperature changes in the wellbore certainly cannot be excluded on basis of
the present data, our reaction-reactivation experiments show that CO2-induced
chemical reactions do not lead to chemical-mechanical weakening of fractured
cement, at least not under the static conditions outlined above (Figure 2.10).
Rather, our results suggest more or less complete strength recovery on
84

Effect of CO2 on mechanical behaviour of fractured cement
timescales in excess of those used in our experiments (six weeks). This implies
that previously reported self-sealing (i.e. reaction-induced permeability
reduction) of fractures in cement exposed to CO2 (Bachu and Bennion, 2009;
Cao et al., 2015; Huerta et al., 2016; Liteanu and Spiers, 2011) is unlikely to be
negated by fracture reactivation. Instead we observed considerable and fast
CO2-induced healing (up to 83% of peak strength recovered, plus up to 40%
increased post-failure frictional strength in six weeks reaction-time – Figure
2.4). This suggests that the cement components of a well situated in CO2storage environments may actually be less prone to fracture propagation and
coalescence, than in CO2-free environments (cf. experiment R-A050c), if CO2induced healing outstrips the rate of damage accumulation. Note, however, that
the self-healing capacity of cement undergoing repeated fracture may be
affected by depletion of reactive cement phases upon repeated re-exposure to
CO2-bearing fluid.
The alteration along the fractures appears variable and locally discontinuous in
the present experiments. While this potentially allows for specific channels to
remain open, rapidity of the reactions suggests that, on longer time scales,
strength recovery (i.e. healing) will likely be accompanied by ongoing
permeability reduction (i.e. sealing), similar to that observed elsewhere (Cao et
al., 2015; Huerta et al., 2016; Liteanu and Spiers, 2011). It should be noted,
however, that this does not necessarily mean that an impermeable state will be
attained.

2.4.4.3 Tensile failure
The tensile yield and failure strength of cement have not been rigorously
considered in the present experimental investigation. Additional experiments,
exploring stress-states including tensile components, are needed for a full
evaluation of the chemical-mechanical impact of CO2-induced reactions on the
mechanical integrity of wellbore cement. However, given the low bond strength
of cement-casing and cement-formation interfaces, typically only 0.1-3 MPa
(Daccord et al., 2006a; Dusseault et al., 2000; Hsu and Slate, 1963; Oyibo and
Radonjic, 2014), and given the large jump in mechanical properties at these
sites, hence scope for stress-strain incompatibility, especially at the casingcement interface (casing steel is 25-50 times stiffer than cement and rock
(Orlic, 2009)), tensile failure can be expected to occur mainly at the material
interfaces within the well system. Such interfacial debonding defects could
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potentially propagate along the well trajectory via a hydraulic fracturing
mechanism (Dusseault et al., 2000; Lecampion et al., 2013, 2011). More
research is required to assess the effects of CO2-induced chemical reactions on
this type of potential leakage pathways (Carey et al., 2010; Jung et al., 2014;
Newell and Carey, 2012; Wolterbeek et al., 2013).

2.5 Conclusions

The present experiments have addressed a) the yield plus failure behaviour of
intact cement and b) whether CO2-induced reactions, occurring within fractures
in pre-fractured cement, can lead to self-enhancing, chemical-mechanical
weakening effects that can potentially maintain leakage pathways open
dynamically. The experiments consisted of triaxial compression tests on wet
API-ISO Class G HSR Portland cement cylinders (two types, namely: immature,
21 days curing, and mature, >6 months curing), conducted under down-hole

conditions that could promote fracturing ( T = 80 °C, Pceff = 1-25 MPa). After

deformation, selected fractured samples of mature cement were reacted with
CO2-saturated/pressurized water ( T = 80 °C, Pf ≈ 12 MPa, t = 6 weeks), or

with Ar-pressurized water (control experiment), and subsequently subjected to
a second triaxial compression test, in order to observe any effects of CO2induced reactions on the post-failure (fracture) strength. Our findings can be
summarised as follows:
1.

Under all effective confining pressures investigated ( Pceff = 1 – 25 MPa),
both immature and mature cement yields by shear-enhanced

compaction. With accumulating strain, at Pceff <10 MPa, this gives way
to dilatant behaviour shortly prior to failure, the latter manifested by
localised, semi-brittle shear fractures. At higher Pceff , yielding is

2.

followed by pervasive ductile deformation, invariably marked by strain
hardening and continued shear-enhanced compaction.
Our failure data show that cement, like most rock materials, is most
prone to dilatational forms of failure that can lead to enhanced
permeability at low effective mean stress conditions. The shear failure
of our cement samples can be described in conventional P -Q space
using

Drucker-Prager

criteria,

Q 0.58P + 26.3
with =

and

=
Q 1.14P + 27.4 (values in MPa) for immature and mature cement,
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respectively. Our yield data can be reasonably described in P -Q space

3.

4.

5.

using empirical elliptical yield cap fits and various pore collapse
models, notably that of Zhu et al. (2010). However, evidence was found
for time-dependence (strain-rate dependence, i.e. creep effects or
hydro-mechanical effects due to poor pore fluid drainage in the low
permeability cement samples) of the various envelopes constructed, so
that caution is needed in applying these envelopes to low deformation
rates. A more systematic study of the importance of these time and
rate-effects is needed.
Nonetheless, our yield data suggest that cement readily compacts
irreversibly if subjected to an increase in effective mean stress.
Accordingly, reversals in the well stress path (i.e. loading followed by
unloading) should be avoided during well operations, because the
cement will not be able to accommodate re-expansion upon unloading,
leading to stress-strain incompatibilities and potentially to tensile
failure. It is therefore essential that this irrecoverable compaction
behaviour is considered and that yield envelopes of the type
constructed here are made use of in geomechanical analyses of well
integrity.
The pre-fractured samples of mature cement that were reacted with
CO2-H2O under static conditions showed several reaction fronts that
formed parallel to fracture and sample surfaces, involving zones of
cement depletion and of calcium carbonate precipitation that are
typical of CO2-induced cement alteration. The second stage of
mechanical testing of these samples showed a substantial (up to 83%)
recovery of peak-strength, together with an increased (up to 40%)
post-failure frictional strength of the samples, both of which can be
attributed to cementing by calcium carbonates as a consequence of six
weeks of reaction with CO2-H2O.
Previous work has shown that CO2-induced reactions can improve the
sealing properties of fractured cement (i.e. sealing). Our results
demonstrate that this self-sealing effect is not compromised by
chemical-mechanical interactions, under conditions where there are no
continuous leakage pathways allowing for advective removal of mass.
Instead, static reaction induces significant healing, inhibiting
reactivation and dynamic reopening of the fractures.
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6.

While cement seals may be susceptible to failure (either within the
bulk or at material interfaces) upon changes in down-hole temperature
or stress state, e.g. due to well operations, the present findings suggest
that the processes leading to failure are not enhanced or accelerated,
but counteracted by CO2-induced reactions, at least under static fluid
conditions. As such, a well exposed to CO2 may actually be more
resilient to leakage pathway formation, compared to a CO2-free well
exposed to the same changes in downhole temperature and stress
state.
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Reaction and transport
in wellbore interfaces
under CO2 storage conditions:
Experiments simulating debonded
cement-casing interfaces

This chapter is based on:

Wolterbeek, T.K.T., Peach, C.J. and Spiers, C.J. (2013) Reaction and transport in wellbore
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Abstract
Debonding-defects at the interfaces between wellbore casing and cement are
widely recognized as providing potential pathways for CO2 escape from
geological storage systems. This study addresses how chemical reaction
between CO2, cement and steel may affect the transport properties of such
defects under near-static conditions, representative for early stages in leakage
pathway development, prior to formation of a fully connected defect network.
Debonded cement-steel interfaces were simulated by constructing composite
samples, containing a spacer-imposed gap. These were subjected to batch
reaction with CO2 and a variety of aqueous solutions, in multiple consecutive
runs (six runs of 5 days plus one of 42 days). The experiments were conducted
at 80 °C and 14 MPa applied CO2-pressure. Permeability was measured after
each run. Two ranges in gap-width were investigated, namely 50-120 μm (SAsamples) and 270-350 μm (LA-samples). Reaction-induced permeability
changes were less than 1 order in all samples, and occurred in the early stage of
testing. SEM study showed Fe-carbonate scale films developed on both cement
and steel. Calcium carbonates precipitated on the cement beneath the gapspacers, where corrosion scale did not form. We infer that corrosion scale
formation on the cement wall inhibited both CaCO3 precipitation and sealing
effects previously observed in fractured cement.
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3.1 Introduction
Carbon dioxide capture from large point sources, followed by long-term storage
in depleted oil and gas reservoirs or deep saline aquifers, offers an important
option for reducing CO2 emissions (Bachu, 2008; Hepple and Benson, 2005;
Holloway, 2001; Szulczewski et al., 2012). Unfortunately, reactions between
CO2 and most reservoir rocks are slow (Xu et al., 2004; Zerai et al., 2006) and
limited by low reactive mineral content (Baines and Worden, 2004; Gilfillan et
al., 2009), so that only minor potential exists for CO2 trapping through
carbonate precipitation. Instead, even after hundreds of years, most injected
CO2 will remain in the reservoir pore space as a supercritical fluid phase
(scCO2) and/or dissolved in the formation fluid, making structural and
stratigraphic trapping the primary trapping mechanisms. The effectiveness of
long-term geological storage therefore depends strongly on the integrity of the
storage structure. All such systems inevitably include wellbores (Celia et al.,
2009; Hofstee et al., 2008; Whittaker et al., 2011). One of the key prerequisites
for successful long-term storage is therefore that wellbore integrity is
preserved (Gasda et al., 2004; Nicot, 2008; Zhang and Bachu, 2011). This paper
investigates the effects of chemical reaction at cement-steel interfaces on
wellbore integrity.
3.1.1 Wellbore reactions: background
A typical well is lined with steel casing, with the annular region between this
casing and the wallrock being filled with Portland-based cement. Upon
abandonment, the well is generally plugged by injecting further cement into the
central bore. Sealing against unwanted fluid migration is thus achieved through
the barrier function of casing steel and cement. Under the conditions of reduced
pH produced when CO2 dissolves in the formation fluid, these materials are
susceptible to chemical attack, via the reactions

CO2 (aq ) + H2O (l ) ⇔ H2CO3 (aq ) ⇔ H+(aq ) + HCO3− (aq ) ⇔ 2H+(aq ) + CO32−(aq )

(3.1)

In the case of unprotected steel, this acidification leads to acceleration of the
anodic (Fe dissolution) and cathodic (hydrogen evolution) half-reactions
(Dražić and Hao, 1982; Nešić, 2007), resulting in corrosion rates up to several
millimetres per year (Seiersten and Kongshaug, 2005; Zhang et al., 2013). On
the other hand, sufficient concentrations of carbonate ions can lead to the
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accumulation of iron carbonate scale on the steel surface, through the reaction
(cf. Equation 9 of Nešić, 2007):

Fe2+( aq ) + CO32−( aq ) ⇒ FeCO3 ( s )

(3.2)

Ca(OH)2 ( s ) ⇒ Ca2+( aq ) + 2OH−( aq )

(3.3)

Such scale can significantly slow down the corrosion process, forming a
protective film (Dugstad, 1998; Nešić, 2007; Nordsveen et al., 2003; Zhang et
al., 2013) when the rate of formation exceeds the rate of corrosion (Nešić,
2007). In wellbores, chemical reactions between CO2 and Portland-based
cements involve buffering of the pore fluid pH, to alkaline values, by dissolution
of portlandite (Ca(OH)2) and de-calcification of the calcium silicate hydrate
(C-S-H) phases. This promotes iron carbonate hence scale formation (Nešić,
2007) and leads to precipitation of calcium carbonates and silica gel (BarletGouédard et al., 2009; Duguid et al., 2004; Kutchko et al., 2009, 2008, 2007)
according to the reactions

C–S–H ( s ) ⇒ Ca2+( aq ) + OH−( aq ) + amSiO2 ( s )

Ca2+( aq ) + CO32−( aq ) ⇒ CaCO3 ( s )

(3.4)

(3.5)

When cement is exposed to an excess of freely advecting fluid, these reactions
lead to marked degradation of the material and the development of porous
reaction fronts (Duguid and Scherer, 2010; Duguid et al., 2004). However,
under confined conditions, more closely approaching those expected in a
wellbore at depth, reaction is limited and may even result in a decrease in
cement porosity and permeability though the precipitation of carbonates
(Bachu and Bennion, 2009; Liteanu and Spiers, 2011).

In view of this carbonate precipitation effect and the low matrix permeability of
most virgin cements, typically 10-21 to 10-17 m2 (Montgomery, 2006; Taylor,
1992), it is generally assumed that properly constructed wells, characterized by
defect-free cement and defect-free cement-casing and cement-rock interfaces,
will form a reliable barrier against migration of CO2 (Bachu and Bennion, 2009;
Duguid, 2009). On the other hand, inadequate well completion or abandonment
procedures (e.g. Barclay et al., 2001), or mechanical damage to cement and
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interfaces caused by changes in the temperature and stress state (Mainguy et
al., 2007; Orlic, 2009; Ravi et al., 2002; ter Heege et al., 2015), can provide
potential leakage pathways (Carey et al., 2007; Crow et al., 2010). If CO2
subsequently permeates an open or debonded casing-cement interface, and if
reactions involving dissolution of steel and cement phases (Equations 3.3 and
3.4) dominate, then well transmissivity may increase. Conversely, if
precipitation of carbonates dominates (Equations 3.2 and 3.5), then this may
result in sealing of such interfacial defects, as the net reactions involved
produce an increase in solid volume (see Lothenbach et al., 2008).
3.1.2

Effects of static vs. flowing fluid
on interfacial reactions and integrity
Previous experimental work addressing the effects of CO2 on the transport
properties of annular debonding cracks, formed at the casing-cement interface,
has focused on flow-through experiments performed at high flow-through rates
(Carey et al., 2010, 2009). These experimental conditions represent situations
where a continuous, transmissive pathway exists, along with a large pressure
difference. While debonding may sometimes be sufficient to yield such
conditions, for example in CO2 injection wells (Lecampion et al., 2013, 2011),
most wellbore defects will normally be of limited vertical extent and not fully
interconnected. At this stage, prior to the formation of any continuous leakage
pathways, prevailing fluid conditions will be near-static, i.e. fluid flow rates will
be low.
Since CO2-induced scale formation (Dugstad, 1998; Nešić, 2007) and cement
carbonation (Abdoulghafour et al., 2013; Raoof et al., 2012) depend on the
interplay between reaction, diffusion and fluid flow-rates, such initially low
flow-rates will inevitably affect the manner in which the transport properties of
defects along the casing-cement interface evolve via the reactions of Equations
3.1 to 3.5. Previous work has shown that CO2-induced sealing occurs in
fractured cement when only local transport is possible (e.g. Liteanu and Spiers,
2011). This raises the question of whether similar potential for sealing exists in
short-range, debonding cracks or defects at the casing-cement interface. If local
defects self-seal before they can grow and coalesce, this would inhibit the
development of continuous leakage pathways, maintaining well integrity. In the
opposite scenario, where interfacial defects grow and coalesce to form a
continuous leakage pathway, subsequent long-range reaction and transport
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will in part depend on any preconditioning of the defect surfaces, such as
leaching, armouring or passivation, that occurred during reaction under the
initial, near-static conditions.

3.1.3 Present aims
Against this background, there is a clear need to obtain an understanding of
how debonded casing-cement interfaces are affected by reaction with CO2 and
water/brine under near-static, in-situ conditions. In this paper, we address this
issue via a series of batch reaction experiments, performed on cement-steel
sample assemblies, characterized by an imposed aperture, simulating a
debonded casing-steel against cement interface. The experiments were
conducted at a temperature of 80 °C (± 0.1 °C) and a CO2 pressure of 14 MPa,
aiming to represent in-situ well conditions at depths of 1 to 3 km. The goal was
to assess whether CO2-induced reactions, occurring on a local scale within
interfacial defects either promote or inhibit sealing of these defects, or else
precondition them in a manner that might influence sealing potential under
flow-through conditions.
Table 3.1: Overview of experiments performed
Sample
name

Initial aperture
[µm]

Initial κ
[m2]

Final aperture
[μm]

Final κ
[m2]

SA-DI-SUB
SA-DI-ABV
SA-BR-SUB
SA-BR-ABV
SA-CS-SUB
LA-CS-ABV
LA-BR-SUB
LA-BR-ABV

50 (T)
50 (T)
50 (T)
50 (T)
50 (T)
270 (P)
290 (P)
310 (P)

4.45 ∙ 10-13
6.37 ∙ 10-13
3.39 ∙ 10-13
3.93 ∙ 10-13
3.03 ∙ 10-13
8.65 ∙ 10-12
9.65 ∙ 10-12
1.67 ∙ 10-11

72 ± 8
102 ± 12
71 ± 9
120 ± 11
74 ± 7
280 ± 19
315 ± 25
344 ± 24

6.44 ∙ 10-13
2.37 ∙ 10-13
4.31 ∙ 10-13
6.99 ∙ 10-13
2.32 ∙ 10-13
1.01 ∙ 10-11
4.19 ∙ 10-12
1.75 ∙ 10-11

Summary of experiments reported. Sample names denote experimental conditions. Fluid
composition: DI = deionised water, BR = reference brine composition, and CS = solution presaturated with cement at experimental temperature. Samples which were submerged in
aqueous solution during reaction are denoted “SUB”, while samples denoted “ABV” were
suspended above the aqueous fluid during reaction runs. Initial gap width is estimated from
the initial spacer thickness, where T = Teflon foil spacer, P = PEEK spacer. Experiments were
performed at a temperature of 80 °C and 14 MPa applied CO2 pressure, while a small
confining pressure was supplied by FEP shrink tube. Initial and final permeability are
calculated with respect to the cross-sectional area of the cylindrical samples.
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3.2 Experimental procedure
The samples used in the current study consisted of two parallel plates, one of
cement and one of casing steel, located at a fixed separation from each other so
as to simulate a debonded casing-cement interface. The samples were reacted
repeatedly with CO2, plus a variety of aqueous solutions, under static
conditions. Each sample was subjected to seven, sequential, batch reaction
runs, namely six of 5 days duration, followed by a single extended run, of 42
days, to study long-term effects. Effective sample permeability was measured
before and after each reaction run. All experiments conducted are listed in
Table 3.1, together with key experimental parameters, such as aqueous fluid
composition and aperture width.

Figure 3.1: Sample assembly. (a) Half-cylindrical PEEK mantle with slot (dimensions in mm);
(b) cement plate inserted in slot; (c) PEEK or Teflon spacers (red) used to create desired open
aperture or “gap”; (d) PEEK half cylinder containing steel plate added to assembly; (e) final
sample after wrapping with Teflon tape and clamping with FEP heat shrink tube.

3.2.1 Sample assembly
The cement plates used were cut from material retrieved from an abandoned
well at the Recopol ECBM test site in Southern Poland (van Bergen et al., 2006).
The casing steel plates (API N80; WNr. 1.0564) were obtained commercially
(Sourcelink-China NL). Each plate (25∙25∙3 mm) was pressed into a slotted
Polyether Ether Ketone (PEEK) half cylinder, applying Polytetrafluorethylene
(PTFE; Teflon) foil to ensure a tight fit (Figures 3.1a,b). These half cylinders
were combined to yield a full cylindrical sample, implementing a fixed gap
between the two plates by inserting spacers made of either PEEK (thickness
270-310 μm) or Teflon foil (thickness 50 μm) to control gap size (Figures
3.1c,d). Subsequently, the assembly was wrapped in Teflon tape and jacketed in
Fluorinated Ethylene Propylene (FEP) heat shrink tube to obtain a tightly
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clamped, cylindrical sample, which contained a rectangular slot with the chosen
gap width (Figures 3.1e). The aim of this design was to constrain the
occurrence of chemical reactions to the open gap between the cement and steel
plates, thus simulating an open casing-cement interface.

Figure 3.2: Schematic diagram of the constant mass flux permeameter. DPT: differential
pressure transducer, measuring the upstream CO2 pressure versus the downstream value of
atmospheric pressure.

3.2.2 Reaction vessels and batch run procedures
The reaction runs were performed using four Teflon-lined, stainless steel
pressure vessels (internal diameter 27 mm, height 98 mm) connected to
independent pressure systems equipped with separate pressure transducers.
Each vessel accommodated two closely fitting samples, stacked above each
other and separated by Teflon rings. The lower sample was immersed in fluid
by adding circa 5 ml of aqueous solution to each vessel, leaving the upper
sample standing free of fluid. This configuration allowed data to be obtained
simultaneously for samples subjected to a) CO2-saturated aqueous fluid, and b)
water-saturated supercritical CO2. The effects of three aqueous solutions were
investigated, specifically deionized water, a reference brine prepared from
reagent grade salts (2 M NaCl, 0.2 M CaCl2, 0.04 M MgCl2), and a cementsaturated solution, prepared at experimental temperature from deionized
water and crushed cement. Each sample was subjected to several consecutive
reaction runs, renewing the aqueous solution employed at the start of each run.
In conducting each run, the reactor vessels were loaded with the samples and
fluid, pressurized with CO2 at room temperature, vented and re-pressurized
twice in order to remove air from the system, then re-pressurized to 5-6 MPa
CO2 pressure, isolated from the CO2 supply and subsequently heated in a
silicone-oil thermobath. Test conditions were fixed for all experiments at a
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temperature of 80 °C and applied CO2 pressure of 14 MPa. Any excess build-up
of CO2 pressure during heating to 80 °C was slowly bled off. Subsequently, over
the course of reaction, pressure remained constant within 3 MPa. Reaction runs
were terminated by depressurizing the reactor vessels by venting over a period
of 2-3 h while cooling to room temperature. The composite samples were then
removed from their vessels and placed in deionized water for 12 hours to
prevent evaporation and precipitation from the fluid after the reaction run.
Note that this also may have removed any soluble salts precipitated during the
experiment (e.g. chloride-precipitates from the brine), though these phases
were not expected to participate in the reactions. The samples were
subsequently dried in an oven at 50 °C for 24 h to enable permeability
measurement. Note that, while drying may have induced microcracks in the
cement plate, no significant effect on permeability is expected since transport
through the composite samples will be controlled by the open aperture.

3.2.3 Permeametry
The effective permeability of the composite samples was measured before and
after each batch reaction run using a constant mass flux permeameter (Figure
3.2). The measurement procedure was as follows. First, the FEP-jacketed
samples were sealed in a rubber sleeve between two hollow pistons (internal
diameter 2 mm, external diameter 25 mm) and located in a pressure vessel. The
assembly was then subjected to 1 MPa confining pressure, using Argon gas, to
prevent flow along the outside of the samples. The upstream fluid inlet was
subsequently connected to a Bronkhorst EL-FLOW F-201C-RAA-11-Z digital
thermal mass flow controller, used to impose a constant mass influx of dry CO2
gas (within ± 1%), while the downstream piston was vented to atmospheric
pressure. The steady state pressure difference across the sample (i.e. the
difference between upstream pressure and atmospheric pressure) was
measured as a function of CO2 mass influx using a Honeywell 26PCBFA6D
diaphragm-type, semi-conductor-based, differential pressure transducer (34.5
kPa range, accuracy ± 50 Pa). Downstream pressure was obtained via the local
weather station (KNMI De Bilt), located 1.7 km away. Sample permeability was
calculated from ten successive steady-state flow measurements, using the
relevant CO2 properties (Fenghour et al., 1998) plus the Darcy equation for
linear flow of a single-phase, compressible fluid (Rushing et al., 2004).
Contributions to the measured permeability from any leaks along the
boundaries of Teflon tape and FEP heat shrink tube, or through the PEEK
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mantle, were investigated using a solid PEEK cylinder and found to be below
the detection limit of the permeameter (~10-18 m2).

3.2.4 Sample disassembly and subsequent study
After completion of the reaction run sequence (72 days), the samples were
disassembled and subjected to microstructural and mineralogical study.
Disassembly involved two steps. First, while keeping the cylindrical form of the
composite samples intact, the PEEK mantle was cut away from one end. This
exposed a section perpendicular to the long axis of the cylinder, directly
adjacent to the plates. After light polishing, this section allowed measurement
of post-run aperture width. This was done using a Leica DMRX optical
polarization microscope operated in reflection mode. For each sample, the
average aperture width was determined from ten measurements made at
intervals along the length of these cut sections, on series of micrographs.

The two half cylinders comprising each sample were then separated to reveal
the internal, reacted surfaces of the cement and steel plates. These surfaces
were studied optically and using a Philips XL30FEG Scanning Electron
Microscope (SEM) equipped with Energy-Dispersive X-ray spectroscopy (EDX)
capability. All samples were platinum-coated for SEM-EDX analysis, so
carbonates and hydroxides/oxides could be distinguished. Selected calcium
carbonates were investigated via X-Ray Diffraction (XRD) analysis.

3.3 Results

An overview of the aperture width and permeability data obtained is given in
Table 3.1. On the basis of final aperture width, the experiments can be roughly
divided into two sets. Henceforth, composite samples having apertures ranging
from 350 to 270 μm and from 120 to 70 μm will be referred to as Large
Aperture (LA) and Small Aperture (SA) samples, respectively. These
abbreviations have been incorporated in the sample names, together with twoletter codes identifying the aqueous solutions used in the experiments, namely
deionized water (DI), brine (BR) or cement-saturated solution (CS). Submerged
samples are annotated “SUB” while those positioned above the aqueous fluid
during the reaction steps are annotated “ABV”.
3.3.1 Gap transport properties
The demonstrably low permeability of the polymer components of the sample
assembly with respect to CO2 implies that axial flow through the cylindrical
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samples, during permeability measurement, occurred through the aperture
created between the cement and steel plates. However, the experimental design
allowed the aperture width to be constrained only before the first reaction run
(from the spacer dimensions) and after completion of the full reaction run
sequence, i.e. after sectioning of the reacted assembly (from microscope
observations). Aperture dimensions could not be measured between individual
reaction runs. For this reason, the evolving transport properties of the gap,
including the effects of any internal reaction products and/or dimensional
changes, are represented in terms of the “apparent sample permeability”,
calculated with respect to the cross-sectional area of the sample (circular,
25 mm diameter).

Initial apparent sample permeabilities for the LA samples lay around 10-11 m2,
while those of the SA samples were just over an order of magnitude lower
(Figure 3.3). After the first five-day period of reaction no significant change was
observed in the LA samples, with exception of sample LA-BR-SUB, which
decreased in permeability from 9.7·10-12 m2 to 1.9·10-12 m2. Over the course of
the ensuing five reaction periods, this decrease in sample LA-BR-SUB was
partially reversed, as aperture permeability gradually regained a value around
3.5·10-12 m2. The increase continued during the following 42-day reaction run.
The apparent sample permeability measured for the other LA samples (LA-CSABV; LA-BR-ABV) remained approximately constant during all runs.

Most of the SA samples displayed a moderate decrease in permeability of about
30% over the first five days of reaction, though sample SA-DI-ABV showed a
more pronounced reduction from 6.4·10-13 m2 to 2.5·10-13 m2, while sample SABR-ABV increased in permeability slightly. Over the period between 5 and 30
days of cumulative reaction time, the SA samples showed variable behaviour.
Sample SA-BR-SUB displayed a decelerating, but on-going decrease in
permeability, while permeability returned to the initial values in samples SADI-SUB and SA-DI-ABV. The initial permeability decrease observed in sample
SA-DI-ABV continued until about 10 days reaction time, followed by a decrease
at much slower rate until a permeability of about 1.1·10-13 m2 was reached at
30 days. Upon subsequent exposure to CO2 for a period of 42 days, permeability
increased in all SA samples, with exception of sample SA-CS-SUB, which was
submerged in cement-saturated solution. Near initial permeability values were
attained in most SA samples in the final condition. Note that no other
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systematic changes with fluid composition, or between submerged and nonsubmerged samples, could be discerned in the permeability evolution data.

Figure 3.3: Permeability evolution with cumulative reaction time for all composite samples.
LA and SA samples are denoted () and (), respectively. Greyscale indicates fluid
composition: deionised water (white), brine composition (black) and cement-saturated
solution (grey). Dashed and solid lines represent samples which were suspended above
versus submerged in the aqueous solution, respectively. Error bars in permeability were of
magnitude similar to twice the vertical symbol dimension and are not shown.

3.3.2 Mineralogical and microstructural observations
Upon removal from the reaction vessels, the outside of all samples appeared
relatively undisturbed, although the ends the cylindrical samples that were
submerged in brine did show increasingly reddish colouration with cumulative
reaction time, probably due to formation of a thin film of an Fe-bearing phase. A
similar, yet more pronounced reddish phase formed on the outer edges of the
steel plates, progressively outlining its shape underneath the outer Teflon tape
wrap. At the end of the experiment, light colourations were observed in the
Teflon liners containing the samples. Besides these colourations, there were no
indications for precipitation on the sample surfaces or on the vessel walls.
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Figure 3.4: Reflected light micrograph of the aperture region of sample SA-CS-SUB, cut
perpendicular to the cylindrical sample axis near the edge of the cement and steel plates. The
bright region at the bottom is the casing steel (darker lines are due to polishing). The upper
half of the image consists of cement.

Figure 3.4 shows a reflected light micrograph of a more or less typical section
cut normal to the cylindrical sample axis, and hence to the aperture (here SACS-SUB). The bright region in the lower half of the image is the casing steel,
while the dark lines are scratches due to the polishing process. On the left-hand
side, part of a Teflon foil spacer is visible directly above the casing steel. Moving
to the right, this spacer ends in the open aperture. The upper part of the image
shows part of the cement plate.

In all samples, after separation of the cement and steel plates and removal of
the Teflon or PEEK spacers, the regions corresponding to the walls of the open
aperture in the assembled state formed prominent rectangular bands, visible
on both plates (Figure 3.5a). On the cement halves, the aperture is marked by a
reddish band that contrasts sharply with the regions of the plate covered by the
spacers during the experiment, indicating that precipitation of steel-derived
phases occurred on the cement bounding the aperture, but was inhibited by the
spacers. The steel plates all showed a plate-wide coating of corrosion scale,
estimated 5-10 µm thick from observation on “edge-on” views of the plates.
Though less prominently developed than on the cement halves, a rectangular
trace of the open aperture was visible on the steel plates, evidenced by a slight
elevation in the topography of the corrosion scale (Figure 3.5b).
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3.3.2.1 Observations on the cement plates
The optical appearance of the cement plates is typified by Figure 3.5a. Note the
corrosion scale deposits on the wall of the open aperture. SEM/EDX
observation of the cement plates showed that this corrosion scale, which was
deposited on the surfaces of all samples, consisted of mainly Fe and Fe-Ca
carbonates (Figure 3.6a), except in the case of sample SA-DI-ABV, where Fehydroxides were found to be the main Fe-bearing phases (Figure 3.6b). In the
same sample (SA-DI-ABV), meandering wall-like structures of corrosion
product, a few µm thick, formed in orientations perpendicular to the open
aperture (Figure 3.6c). Small amounts of Fe-hydroxides also occurred locally in
the open aperture of sample SA-BR-ABV and, to a lesser extent, SA-BR-SUB
(Figure 3.6d).

Figure 3.5: Reacted surfaces of the (a) cement and (b) steel plate halves of the debonding
aperture in sample LA-BR-SUB, after removal of the PEEK spacers. The shown surfaces are
typical for the post-experiment samples.

Focusing now on the cement plates removed from the four fluid submerged
samples (Figures 3.5a and 3.7), the ones exposed to brine (SA-BR-SUB and LABR-SUB) show the most extensive precipitation of corrosion products in the
open aperture region, as well as the most pronounced reddish colouration due
to scale deposition on the parts of the cement that were covered by spacers
during the experiment (Figure 3.7). By contrast, the samples exposed to
deionized water (SA-DI-SUB) and cement-saturated solution (SA-CS-SUB) were
characterized by the presence of white, prismatic crystals, up to several
millimetres in length, identified as aragonite by XRD analysis. These crystals
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were most extensively developed in the open aperture of sample SA-CS-SUB,
forming radiating aggregates which nucleated over the entire width of the open
aperture. In sample SA-DI-SUB, on the other hand, these aragonite crystals
appeared to grow into the open aperture exclusively from nucleation sites
located beneath the spacers. The cement plates removed from the nonsubmerged samples (SA-DI-ABV; SA-BR-ABV; LA-CS-ABV; LA-BR-ABV) show
similar differences with fluid composition regarding the abundance of
corrosion product in the open aperture region. However, no prismatic
(aragonite) crystals could be discerned in these samples.

Figure 3.6: SEM (secondary electron) images of corrosion products. (a) Typical deposits:
siderite rhombohedra, here formed on the cement surface bounding the open aperture of
sample SA-CS-SUB; Other Fe-bearing deposits: (b) bladed crystals, inferred to be
lepidocrocite on basis of morphology, growing on the cement surface bounding the open
aperture of sample SA-DI-ABV; (c) an unidentified Fe-bearing phase forming wall-like
structures, observed on the cement surface bounding the open aperture of sample SA-DI-ABV;
(d) Fe-hydroxide phase, morphologically similar to goethite, found locally within the open
aperture on the cement plate of sample SA-BR-SUB.
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Figure 3.7: Comparison of the three SA samples subjected to different fluid compositions,
showing post-reaction cement plate surfaces (a) SA-DI-SUB; (b) SA-BR-SUB; (c) SA-CS-SUB.

SEM analysis further revealed that the aragonite crystals observed optically on
the cement plates recovered from submerged samples SA-DI-SUB and SA-CSSUB had grown not only on the open aperture surfaces but also, more
extensively, on parts of the cement that were covered by the spacers during the
experiment (Figure 3.8a). Those aragonite aggregates grown in the open
aperture of sample SA-CS-SUB could clearly be seen to have grown across the
entire width of the imposed aperture, abutting against the steel plate (Figure
3.8b). Aragonite crystals, partly covered with corrosion scale, occurred locally
in sample LA-BR-SUB (Figure 3.8c) also. A variety of other (idiomorphic)
phases (e.g. Figures 3.8d,e), recognized to be calcium carbonates using EDX, but
which could not be identified further, occurred on the cement plates of all
samples. In general these phases, like the aragonite, occurred primarily on
parts of the cement plates that were covered by spacers during reaction runs.

Despite the samples being soaked in deionized water for 12 h after each
reaction step, soluble salts were detected with SEM/EDX in some of the
samples reacted with brine. Sodium carbonate was found in small amounts in
sample SA-BR-SUB. In the same sample, submicron-sized halite crystals were
also sporadically present. In addition, cubic cavities enclosed by corrosion scale
(Figure 3.9) were observed in sample LA-BR-SUB. These are probably remnants
of sodium chloride crystals that precipitated from the brine during reaction.
3.3.2.2 Observations on the steel plates
Reflected light and SEM microscope observation of the steel plates showed
steel-derived corrosion products similar to those observed on their counterpart
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Figure 3.8: Secondary electron micrographs of carbonate precipitates on the cement plates.
(a) Boundary of the open aperture, with aragonite crystals precipitated where the spacer was
located (left) and siderite precipitation in the open aperture (right), SA-CS-SUB. Note the
topography is less in open aperture; (b) Aragonite crystals terminating abruptly in the plane
of the micrograph, where the steel plate was located, SA-CS-SUB; (c) Similar aragonite
aggregates, covered with Fe-Ca carbonate, aperture of LA-BR-SUB; (d) Ca-carbonate phase, in
a region which was covered by spacers, LA-CS-ABV; (e) Ca-carbonate phase, in a region which
was covered by spacers, SA-BR-ABV; (f) SEM (back scatter electron) image of the open
aperture boundary on the cement plate of SA-DI-SUB. Aragonite needles emanate from
beneath the location of the spacer (left) and grow into the open aperture (right) where the
cement surface is coated with fine siderite (light areas), resembling that in Figure 3.6a.
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cement plates; i.e. iron carbonates and iron hydroxides. However, in contrast to
the cement surfaces, upon which corrosion products precipitated mainly in the
open aperture region, precipitation of iron carbonates and iron hydroxides on
the steel plates occurred both beneath the spacers and in the open aperture
region alike (Figure 3.5b).

Figure 3.9: Secondary electron micrograph of cubic cavities in siderite encrustations, cement
surface bounding the open aperture, sample LA-BR-SUB. Presumably these cavities represent
chloride salt (e.g. halite) crystals which were precipitated from the brine during reactions, but
were removed by the DI-treatment prior to permeability measurement.

3.4 Discussion

Summarizing the main trends, our results for large aperture (LA) samples
(>270 μm) showed little or no significant changes in permeability upon
chemical reaction with CO2 under the (quasi-)static fluid conditions imposed,
with exception of the brine submerged LA sample (LA-BR-SUB), which behaved
similarly to the SA samples. The small aperture (SA) samples, i.e. with an
aperture in the range of 70 to 120 μm, showed an initial decrease in
permeability of about 30%, often followed by a gradual increase, in many cases
back to near-initial values. SEM observations confirmed the precipitation of
iron carbonate (Equation 3.2 reaction) and calcium carbonate (Equation 3.5
reaction). In some of the submerged samples, much of the precipitating calcium
carbonate phase was aragonite. In the following, we will discuss these results
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and we attempt to explain the general trends seen and the main exceptions. We
go on to compare our findings with previous work on defect-bearing wellbore
materials and consider the implications for defect-sealing and wellbore
integrity.
3.4.1 Reactions at the cement and casing surfaces
The mineralogical observations made on cement-steel composites in the
current study are generally consistent with previous studies that separately
address CO2-induced cement carbonation and casing corrosion, in that the
observed production of calcium- and iron-carbonates is consistent with the
operation of reaction (Equations 3.2 to 3.5). However, the distribution of
reaction products in our samples suggests interplay between these reactions
across the aperture.

On the cement side of our samples, steel corrosion products, consisting of iron
carbonate/hydroxide scale, coat the open aperture surface, whereas calcium
carbonate precipitate is found primarily where the gap spacers obstructed
communication between the opposing cement and steel plates (Figures 3.5a
and 3.8a). This suggests that the corrosion scale film which formed on the
cement plates produced a shielding effect that impeded precipitation of
(cement-derived) calcium carbonate on the cement surface. Previous work on
steel corrosion has clearly demonstrated that iron carbonate corrosion scale
can form a protective surface film, which increases in protective efficiency with
increasing pH (Dugstad, 1998; Nešić, 2007; Nordsveen et al., 2003). On this
basis, we infer that in our casing-cement experiments, buffering to a high pH by
cement phases such as portlandite, promoted the formation of a dense,
protective iron-carbonate film on the cement surface.

It is noteworthy that the calcium carbonate formed in our experiments
precipitated primarily as aragonite rather than calcite, which is the principal
polymorph generally formed in studies addressing chemical degradation of
cement in the presence of CO2 (e.g. Kutchko et al., 2007; Rimmelé et al., 2008).
Aragonite precipitation could simply be due to our relatively high experimental
temperature (80 °C here vs. 50 °C in op. cit. – see Ogino et al., 1987) or to the
presence of Mg2+ ions (Lippmann, 1973). Alternatively, it may reflect a role
played by Fe2+ in our experiments, since this is known to inhibit calcite growth,
while not preventing aragonite precipitation (Al-Saiari et al., 2008).
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Interestingly, aragonite is abundantly found in wellbore cement cores obtained
from natural CO2-bearing reservoirs (Crow et al., 2010). However, it is also
found deposited in open fractures in natural CO2 reservoirs (Kampman et al.,
2012), interpreted as possible degassing fractures. Taking this into account, it
cannot be excluded that aragonite precipitation in our experiments occurred
upon depressurization of the reaction vessels.

On the steel side of our samples, iron carbonates, sometimes (together with)
iron hydroxides, formed in the open aperture region as well as beneath the
spacers. This distribution of reaction products suggests the corrosion reactions
were less affected by communication across the aperture than the reactions
involving the cement phases. The occurrence of iron hydroxide in some
samples is most likely related to incomplete removal of oxygen at the start of
those experiments (cf. de la Fuente et al., 2011), due to inadequate removal of
air from within the narrow aperture by the two CO2 pressurization-and-venting
steps applied in setting up each reaction run (see Section 3.2.2).
3.4.2

Analysis of permeametry results

3.4.2.1 Small aperture samples
Most of the SA samples (70 to 120 μm aperture) showed a permeability
decrease of approximately 30% after the first reaction run, i.e. after the first
five days of reaction (Figure 3.3). We postulate that this initial drop is caused by
the formation of the above-mentioned corrosion scale film (thickness
approximately 5 to 10 µm), developed on both the cement and steel walls,
similar to the protective scale development observed in studies addressing CO2
corrosion of casing steel only (Li et al., 2007; Wu et al., 2004; Zhang et al.,
2013). The more pronounced initial permeability decrease observed in sample
SA-DI-ABV could be related to the development of the wall-like structures
(Figure 3.6c) that formed in the open gap in this sample. These structures
formed in an orientation nearly perpendicular to the cement-steel plates,
thereby reducing the effective cross-sectional area available for flow. Note,
however, that sample SA-DI-ABV also showed iron hydroxide precipitation,
which occurs only under sufficiently oxygenated conditions (cf. de la Fuente et
al., 2011). This likely means that O2 was present during one or more of the
reaction runs performed on sample SA-DI-ABV, as well as on the other samples
showing hydroxide precipitation (SA-BR-SUB and SA-BR-ABV). Though our
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experiments were not designed to study effects of oxygen, these observations
do raise the question as to whether oxygen could perhaps be used as gap
sealing agent under certain conditions.

Though the initially decreasing trend in permeability with time continued in a
several cases (samples SA-DI-ABV; SA-BR-SUB), most showed a permeability
increase after the first few reaction runs (Figure 3.3). Interpretation of these
permeability changes is complicated, since microstructural information is only
available after completion of the full reaction sequence. However, a possible
interpretation of the permeability increase is that it reflects aperture opening
due to precipitation of calcium carbonates beneath the spacers. Specifically,
between 5 and 30 days of cumulative reaction time, the most pronounced
permeability increases occurred in samples SA-DI-SUB and SA-CS-SUB (Figure
3.3). These samples are characterized by extensive aragonite precipitation
between the cement plates and the gap spacers (Figures 3.8a, f). This seems to
have pushed the cement and steel plates apart against the force exerted by the
FEP shrink tube, thereby enlarging the open aperture, to yield the measured
permeability increase. A similar phenomenon has been reported during
carbonation of fractured cement (Wigand et al., 2009), where permeability was
found to increase in spite of an overall porosity decrease, because of fracture
opening due to calcite precipitation inside it. CO2-induced swelling of the Teflon
spacers (up to 6% under our experimental conditions – Bonavoglia et al., 2006)
may also have provided a contribution to such aperture opening.
In addition, part of the increase in permeability seen in SA samples beyond five
days could be related to re-dissolution of already precipitated carbonate
phases. As the solubility of carbonates generally increases with decreasing pH,
such re-dissolution (e.g. Equation 4 of Kutchko et al., 2007) could occur due to
decreasing capacity of cement phases such as portlandite to buffer aperture
fluid pH, as they get either depleted or pacified by corrosion film development.
Dissolution-effects related to repeated renewal of the fluid from run to run
seem unlikely, as there was little difference in permeability evolution between
samples tested with cement-saturated solution as opposed to DI water or brine,
at least in the first 30 days. Over the subsequent 42 days of reaction, however,
depletion of reactants and accompanying dissolution effects may have become
more significant, as only the permeability of sample SA-CS-SUB decreased over
this reaction period. However, no conclusive microstructural evidence for
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dissolution was found. We therefore consider initial aperture filling by
formation of corrosion scale film, followed by aperture opening due to calcium
carbonate precipitation beneath the spacers, the most likely explanation for the
decrease and subsequent increase in permeability seen in most of the SA
samples.

3.4.2.2 Large aperture samples
In the LA samples (aperture >270 μm), the thin corrosion film formed on the
cement and steel plates is negligible in thickness (estimated at 5 to 10 µm using
optical microscopy) compared to the total gap width. This may explain the
nearly constant permeability measured in the LA samples exposed to watersaturated supercritical CO2 (ABV LA samples). By contrast, the remaining LA
sample, LA-BR-SUB, which was submerged in brine during reaction, showed a
net permeability decrease of approximately 40% in the first 30 days of reaction,
resembling the behaviour exhibited by the SA samples (ABV and SUB). This
suggests a possible effect of a CO2-saturated aqueous fluid, as compared to
water-saturated supercritical CO2 in LA samples, though our data are too
limited to infer this firmly.
It is also sample LA-BR-SUB that shows Fe-Ca carbonate scale forming 200 µm
deep encrustations on NaCl crystals (Figure 3.9). We suggest that the observed
permeability decrease may reflect the growth of these encrustations within the
aperture. Intentional salt clogging has recently been investigated as a potential
remedial sealing method in CO2 storage systems (Wasch et al., 2013). Our
findings suggest corrosion scale formation may potentially contribute to the
effectiveness of such an approach, especially in the immediate vicinity of the
steel casing, by providing a barrier to salt re-dissolution.

3.4.3 Comparison with previous work
We now compare our permeability data and mineralogical observations with
the results obtained in previous studies that have addressed the effect of CO2induced reactions on the transport properties of defect-bearing wellbore
materials.

3.4.3.1 Tests on cement-steel composites
Carey et al. (2010, 2009) investigated debonded casing-cement interfaces
under high-flux CO2-brine flow conditions by means of a core-flood experiment.
The sample consisted of a rectangular sectioned J55-steel bar embedded in a
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cylindrical cement plug (diameter 5 cm – see Figure 1 of Carey et al., 2009). The
interfacial apertures used ranged from 200 to 800 μm, and were realized by
gently tapping the steel bar free using a hammer, machining grooves along its
length and placing the bar back in the cement. The experiment was conducted
at 40 °C and 28 MPa confining pressure, using a 50:50 mixture of scCO2 and
brine as the pore fluid ( Pf = 14 MPa), and applying fluid flow-rates ranging

from 10 to 20 ml h-1. Fluid was forced through the cement-casing sample,
placing it in series with a limestone core used to pre-condition the inlet fluid.
Permeability measurements accordingly included both the limestone core and
the cement-steel sample, impeding direct comparison with our permeability
data. The results showed an increase in composite limestone-sample
permeability from 5·10-12 m2 to 7·10-12 m2 over about 16 days of reaction. In
addition, SEM analysis revealed precipitation of mixtures of iron and calcium
carbonate, which broadly correspond to the precipitates we observe (see also
the bonded cement-steel interface study of Han et al., 2012). These deposits,
however, were of variable stoichiometry and poorly crystalline (Carey et al.,
2009), unlike the crystallised precipitates observed in our study (Figures 3.6a,
3.8b,e). The difference can perhaps be attributed to the imposed high flow-rate
by Carey and co-workers, compared to the static conditions imposed in our
experiments. In both studies, however, steel-derived precipitates formed the
bulk of the observed deposits in and near the cement-steel apertures, and only
minor changes in permeability were measured.

3.4.3.2 Tests on fractured cement
If we define sealing as the attainment of a permeability similar to that of an
intact, bonded interface or of bulk cement, then relatively little sealing is
observed in our experiments, despite the formation of the observed iron and
calcium carbonates. This contrasts sharply with studies addressing CO2induced sealing of fractured cement (Huerta et al., 2009; Liteanu and Spiers,
2011). For example, Liteanu and Spiers (2011) observed marked
homogenization of the cement and high calcium carbonate coverage of fracture
surfaces after 90 days of reaction under static conditions. They inferred a
steady permeability decrease with time, potentially reaching an impermeable
state within 30 years (bulk permeability <10-21 m2). It should be noted,
however, that the aperture of the fractures studied were small (about 20 μm –
see Figure 6 of Liteanu and Spiers, 2011) compared those achieved in our
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samples (Table 3.1), probably facilitating self-sealing processes (Deremble et
al., 2011). Nonetheless, comparison with the results and reactions reported
here suggests the presence of casing steel components may have a profound
inhibiting effect on wellbore sealing. At a debonded interface, where there is
direct communication between cement and steel, our data demonstrate the
formation of a thin corrosion film on the cement side of the defect, which can
slow down or even prevent the precipitation of calcium carbonates, hence
sealing, via reaction Equation 3.5 by shielding the cement from the CO2-bearing
fluid. At the same time, in agreement with the sealing effects reported for
fractured cement (Huerta et al., 2009; Liteanu and Spiers, 2011), we observed
extensive calcium carbonate precipitation when the corrosion film could not
form on the cement surface, due to the shielding effect of the spacers used in
our experiments.
3.4.4 Implications for defect-sealing and wellbore integrity
The present results suggest that sealing of debonding defects at casing-cement
interfaces will be much slower and less effective than sealing of fractures in
cement under comparable, quasi-static conditions, due to the formation of a
thin corrosion scale film on both casing and cement surfaces. These iron
carbonate precipitates appear to pacify the defect walls (cf. Nešić, 2007),
potentially preventing sealing if the corrosion products themselves do not
largely fill the aperture. Assuming that these observations apply to the situation
in a well, one would expect only small defects, with apertures less than a few
tens of micrometres, to heal under static conditions, while debonded cementcasing interfaces with larger apertures have the potential to remain open for
long periods of time, provided only local transport is possible.

Under such circumstances, i.e. when locally debonded interfaces remain open,
on-going changes in the temperature and stress state of the storage formation
could potentially lead these defects to propagate and connect, thereby forming
a potential pathway for leakage. On the other hand, modelling of the effects of
long-range transport, ensuing when a continuous pathway for leakage
develops, suggests that down-stream precipitation of calcium carbonates will
cause sealing of such large-scale defects – as recently shown by Deremble et al.
(2011). Note, however, that the model presented by Deremble et al. (2011)
accounts for cement reactions only and does not include casing steel. It is not
clear, therefore, how shielding of the cement surface by precipitation of
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corrosion scale, as observed in our experiments, could affect their conclusions.
If protective corrosion scale film forms on the defect walls at an early, quasistatic stage, before continuous connection is attained, such coatings may
impede later reaction of the cement. Analysis of data from the Alberta Energy
and Utilities Board (Bachu and Watson, 2006) showed more frequent
occurrence of surface casing vent flow and/or gas migration in abandoned
cased wells (6.1%), as compared to abandoned open-hole wells (0.5%). While
this difference was attributed to the more stringent abandonment regulations
for open-hole wells, preconditioning of defects by corrosion products in cased
wells could be an additional factor. Our inference is that it is essential to
incorporate the effects of corrosion scale film development in future analyses of
continuous or long-range leakage pathways along cement-casing interfaces.

Finally, we emphasize that several aspects we have not considered may
complicate translation from experiment to the situation in a real well. For
example, it is reasonable to assume that the surface of steel casing sections will
generally be covered by some form of oxidized corrosion scale, even before
emplacement in the well and before cement sheath injection – simply as a
result of outdoor storage. Compared to the pristine steel plates used in our and
in other experiments, such a surface would most likely corrode more slowly
due to the reduction in reactive surface area. It is difficult to predict how this
would affect sealing, as it could mean a reduced tendency for a pacifying film to
form on the cement side of the aperture wall, which would enable more
extensive calcium carbonate precipitation. In addition, depending on flowregime, redistribution of alteration products and dislodged fragments may also
help decrease permeability, even when the fluid is under-saturated with
respect to calcium carbonate (Newell and Carey, 2012).

3.5 Conclusions

The present experiments were designed with the aim of assessing whether CO2induced reactions, occurring on a local scale within debonding defects at the
cement-casing interface in wellbore systems, can promote sealing of these
defects. To achieve this, simulated debonded interfaces were created in
composite cement- steel samples. These were subjected to reaction with CO2
and aqueous solutions in batch reactors in seven consecutive runs, totalling 72
days of reaction time. Experiments were conducted at 80 °C and an applied CO2
pressure of 14 MPa, with samples being surrounded in either CO2-saturated
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brine or in water-saturated CO2. Permeability evolution of the composite
samples was measured after each reaction run and microstructural analyses
were performed after completion of the experiments. The main findings can be
summarized as follows:
1.

2.

3.

4.

5.
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Initial permeability of the cement-steel apertures ranged from 10-11 to
10-13 m2, measured with respect to the cross-sectional area of the
samples. Reaction-induced changes in apparent permeability were less
than 1 order. Small aperture or SA samples (aperture width 50 to 120
μm) showed an initial decrease in permeability of 30%, often followed
by a gradual increase, in many cases back to near-initial values after 72
days of reaction. In large aperture or LA samples (aperture >270 μm),
permeability remained nearly constant in samples exposed to watersaturated supercritical CO2. The LA sample submerged in brine showed
behaviour similar to the SA samples.
Precipitation of both corrosion scale (mainly Fe-Ca carbonates, with
minor Fe-hydroxides) and calcium carbonates (aragonite) occurred in
both the SA and LA samples, confirming the reactions previously
observed in separate experiments concerning cement carbonation and
steel corrosion.
Corrosion scale films of 5 to 10 µm in thickness formed extensively
within the open aperture, on the surfaces of both the casing steel and
cement. Lack of calcium carbonates at these surfaces suggests the
corrosion scale film which formed on the cement produced a
significant reduction in carbonation rate, similar to the decrease in
corrosion rate observed when these precipitates create a protective
film on steel surfaces only.
Precipitation of calcium carbonates occurred mainly at locations
beneath spacers used to create the gap between the cement and steel
plates. Increases in permeability between 5 and 30 days of cumulative
reaction time can be explained by extensive calcium carbonate
precipitation at these sites. This seems to have pushed the cement and
steel plates apart, thereby enlarging the open aperture between the
cement and steel plates.
Our results imply that sealing of debonding defects at casing-cement
interfaces in wellbores will be slower and less effective than sealing of
fractures in cement under comparable, near-static conditions, due to
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6.

the formation of the thin corrosion scale films on cement surfaces.
These films inhibit release of calcium from the cement into the
aperture and impede the precipitation of calcium carbonates that
promoted sealing in fractured cement.
If thin corrosion scale films of the type observed in our experiments
form in real wellbore systems, local small-aperture debonding defects
(apertures less than a few tens of micrometres) can be expected to seal
due to clogging by corrosion scale film. In larger aperture defects,
where scale film development is insufficient to produce clogging, their
retarding effect on further reaction has the potential to maintain an
open interfacial pathway should long-range connectivity and transport
ensue. It is, therefore, important to incorporate the effects of early
corrosion scale film development in future analyses of long-range
leakage pathways along cement-casing interfaces.
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Chapter IV
Reactive transport of CO2-rich fluids
in simulated wellbore interfaces:
Flow-through experiments
on the 1–6 m length scale

This chapter is based on:

Wolterbeek, T.K.T., Peach, C.J., Raoof, A., and Spiers, C.J. (2016). Reactive transport of
CO2-rich fluids in simulated wellbore interfaces: Flow-through experiments on the 1-6 m
length scale. International journal of greenhouse gas control, 54 (1), pp. 96-116.
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Abstract
Debonding at casing-cement interfaces poses a leakage pathway risk that may
compromise well integrity in CO2 storage systems. The present study addresses
the effects of long-range, CO2-induced, reactive transport on the conductance of
such interfacial pathways. This is done by means of reactive flow-through
experiments, performed on simulated wellbore systems consisting of cementfilled steel tubes, measuring 1.2 to 6.0 m in length. These were prepared by
casting Class G HSR Portland cement into steel tubes (inner diameter 6-8 mm),
followed by curing for 6-12 months. The tubes were subsequently pressurized
to permanently inflate them off the cement, creating debonded cement-steel
interfaces. Four experiments were performed, at temperatures of 60-80 °C,
employing flow-through of CO2-bearing fluid at mean pressures of 10-15 MPa,
controlling the pressure difference at 0.12-4.8 MPa, while measuring flow-rate.
The results show decreases in sample permeability of 2-4 orders, which
microstructural observations reveal to be associated with downstream
precipitation of calcium carbonates, possibly aided by migration of fines. This
demonstrates that reactive-flow on the metre-scale significantly enhances the
self-sealing potential of cement-casing interfaces relative to near-static reaction
experiments. The results and method presented can be used not only to
understand the long-range behaviour of annuli in wells qualitatively, but also to
test reactive transport models which can then be applied at the field scale.
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4.1 Introduction
Wells are essential for providing access to geological formations considered for
CO2 storage, such as depleted oil and gas reservoirs or deep saline aquifers
(Celia et al., 2009; Gasda et al., 2004; Hofstee et al., 2008; Whittaker et al.,
2011). However, they inevitably penetrate the geological seal, posing a
potential containment risk (Zhang and Bachu, 2011). Unwanted fluid migration
must be minimized via the artificial barriers emplaced during well completion
and abandonment, i.e. via the Portland-based cement seals usually injected into
and around the steel casing. While these materials degrade if exposed to large
volumes of CO2-bearing fluid (Duguid and Scherer, 2010; Kutchko et al., 2007;
Nešić, 2007), defect-free cement is generally considered to offer an adequate
seal, because of its low matrix permeability (typically 10-22 to 10-17 m2,
Montgomery, 2006; Taylor, 1992). This limits the extent of CO2-induced
reactions under the confined, restricted flow conditions expected at depth
downhole (Bachu and Bennion, 2009; Carey, 2013; Duguid, 2009; Liteanu and
Spiers, 2011).

However, as evidenced by numerous leaking natural gas wells (Bachu and
Watson, 2006; Ingraffea et al., 2014; Jackson and Dusseault, 2014), the cement
seals in old or inherited (legacy) wells cannot be assumed defect-free.
Inadequate well completion or abandonment procedures (Barclay et al., 2001),
curing-related cement shrinkage (Dusseault et al., 2000; Taylor, 1992) and
operation-induced changes in wellbore temperature and/or stress-state
(Lecampion et al., 2013; Mainguy et al., 2007; Orlic, 2009; Rutqvist, 2012; ter
Heege et al., 2015) can lead to the formation of fractures in the cement or voids
at the casing-cement and cement-formation interfaces. Such defects offer
pathways for advective and reactive fluid transport. Under these conditions,
CO2-induced reactions are widely considered to pose an enhanced threat to
well integrity (Carey, 2013; Deremble et al., 2011; Luquot et al., 2013; Zhang
and Bachu, 2011).

Several studies have addressed the effects of CO2-induced reactions on the
transport properties of defect-bearing well materials, such as fractured cement
(Abdoulghafour et al., 2013; Liteanu and Spiers, 2011; Luquot et al., 2013;
Yalcinkaya et al., 2011), debonded cement-casing interfaces (Carey et al., 2010;
Han et al., 2011; Wolterbeek et al., 2013) and cement-rock interfaces (Jung et
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al., 2014; Mason et al., 2013; Newell and Carey, 2012; Walsh et al., 2014b;
Wigand et al., 2009). In most of these studies, reaction experiments were
performed on cylindrical samples measuring 1-10 cm in length, using either a
batch reaction approach or maintaining a constant flow-through rate of CO2rich brine. While much insight has been gained from these experiments, the
parameters that control whether reactive transport will be self-sealing or
defect-enhancing remain poorly known. Particularly few data are available on
the effects of two key factors.

The first concerns sample dimensions. Cement samples used in previous
experiments have generally been too short to observe the effects of long-range
geochemical gradients, though several studies have emphasized the importance
of such gradients with respect to downstream mineral precipitation resulting
from dissolution upstream (Armitage et al., 2013; Deremble et al., 2011). The
second factor concerns boundary conditions. Most reactive flow-through tests
employ a constant influx or flow-rate of CO2-rich brine. By definition, doing so
prevents the occurrence of self-limiting reactive-flow, precluding any
transitions from advection-controlled to diffusion-controlled reactivetransport. These effects have only recently been addressed in experimental
work, specifically by Cao et al. (2015) and Huerta et al. (2016), who employed
composite cement samples up to ~30 cm in length and imposed a constant
differential pressure. However, noting the length scale of real wells and the
likely hydrodynamic conditions, these two factors are still insufficiently
explored to understand and model the evolution of wellbore integrity
confidently. In particular, data are needed on the effects of long-range reactive
transport on debonding defects at the casing-cement interface. Previous work
on these defects under (near-)static reaction conditions suggests that they have
very limited sealing-potential, due to the formation of passivating corrosion
scale films on both steel and cement (Wolterbeek et al., 2013). Against this
background, the present study addresses the effects of reaction with
supercritical CO2-rich fluid on the transport properties of interconnected
defects along 1 to 6 m sections of simulated cement-casing interface. This is
done by means of reactive flow-through experiments on coiled, cement-filled
steel tubes, with debonded interfaces, employing a controlled fluid pressure
difference across the sample to allow for self-limiting reactive-flow. The
experiments were performed at temperatures of 60 and 80 °C, at mean fluid
pressures of 10-15 MPa, i.e. approaching downhole conditions. Our results
120

Reactive transport in wellbore interfaces on the 1-6 m length scale
demonstrate that reactive-transport on the 1-6 m scale contributes significantly
to the self-sealing potential of defects in wells. They also provide new insight
into the processes that govern transport through annuli in wells on length
scales well beyond those employed in laboratory experiments to date.

4.2 Experimental methods

4.2.1 Sample materials and preparation
Metre-scale sections of debonded wellbore casing-cement interface were
simulated using coiled steel tubes filled with cement. These were prepared as
follows. First, lengths measuring 1.2-6.0 m were cut from ST.35 type steel
tubing (EN 10305-3, wall thickness 1 mm) and fitted with Nova high-pressure
line connectors. Cement slurry was then prepared from API-ISO Class G HSR
Portland clinker (Dyckerhoff AG, Lengerich) using deionised water at a waterto-cement ratio of 0.44, in accordance with ISO standards 10426-1 and 10426-2
(API Specification 10A, Recommended Practice 10B-2). The cement slurry was
subsequently injected into the steel tubes using a peristaltic pump, the tube
ends were sealed and the cement was allowed to cure. For each sample, a
duplicate section of cement-filled steel tube (~20 cm long) was prepared as a
reference system for TGA and XRD analysis.

Four coiled samples were fabricated (Table 4.1), using three slightly different
procedures to achieve coiling: 1) In the case of samples T60-1 and T60-2, the
cement slurry was injected into a straight steel tube (inner diameter 6 mm,
length 6.0 m) and cured at room temperature (RT) for a period of >6 months,
while in a vertical orientation. After curing, the tubes were bent into a coil
(diameter ~23 cm, pitch ~1 cm). This process induced (disc) cracks in the
cement. 2) Sample T80-1 was prepared similarly, but using a tube of 2.0 m
length and 8 mm inner diameter (ID). In this case, the cement was allowed to
cure at RT for 12 months, after which the tube was bent into a coil of ~15 cm
diameter (pitch ~1 cm). 3) In the case of sample T80-2, the cement slurry was
injected into a pre-coiled steel tube (~15 cm coil diameter, pitch ~1 cm, tube ID
6 mm, length 1.2 m), which was cured in a thermobath at 80 °C for 12 months,
with the windings orientated horizontally.
After curing, the Nova high-pressure connectors plus tube ends (~3 cm) of all
four samples were drilled out to remove the hardened cement. This was done
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~0.6
4.84∙10-4
2.9∙10-17

assumed fluid viscosity at test P-T (μ) [Pa s]

final sample permeability (κLRC) [m2]

~60
73

downstream extent of alteration*** [cm]

50-70

230

180-230

~200

debonded
annulus

39.0

6.0∙10-15

3.3∙10-12

4.84∙10-4

68.6

~0.6

60

6.0

6.0

T60-2

17

15-25

~20

debonded
annulus

12.0

8.2∙10-18

1.0∙10-13

3.69∙10-4

3.7

~0.2

80

8.0

2.0

T80-1

>120

>120?

150

crescent-shaped
interfacial void

17.3

6.9∙10-16

3.0∙10-13

3.69∙10-4

7.9

~0.12

80

6.0

1.2

T80-2

*Calculated from the initial sample permeability, assuming that the interfacial defect can be represented by an annular region
between two concentric cylinders – see Section 4.4.3 and model Bird et al. (2002). **Estimated from microstructure (Figures 4.3
to 4.7). ***Determined from TGA data (Figure 4.9).

downstream extent of Zone II** [cm]

debonded
annulus

observed defect aperture** (wobs)[µm]

observed defect type**

18.3

3.4∙10-13

7.2

initial hydraulic aperture* (whydr) [µm]

initial sample permeability (κLRC) [m2]

initial fluid flux (QLRC) [ml h-1]

60

initial pressure difference(ΔP) [MPa]

temperature (T) [°C]

6.0

6.0

T60-1

experiment/sample code

steel tube inner diameter (2Rtube) [mm]

steel tube length (L) [m]

configuration | conditions | data

Table 4.1: Overview of reactive flow-through experiments performed
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to avoid clogging of the connectors and to ensure uniform application of fluid
pressure to the ends of the main cemented section of the coiled sample.
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One end of each coil was then connected to a high pressure hand-spindle pump
while the other was fitted with a pressure gage and sealed. Debonding at the
steel-cement interface was achieved by injecting water into one end using the
pump, increasing the pressure stepwise to 100-130 MPa. This caused the wall
of the steel tube to permanently deform and lift-off of the cement. This
procedure was executed slowly, over 3-4 weeks, to obtain uniform expansion of
the steel tube. The size of the aperture imposed was monitored throughout by
measuring the outer diameter of the tube, using a micrometer screw gauge.
Sample T80-2 was not debonded hydraulically, because of substantial initial
permeability.

Figure 4.1: Schematic diagram of the reactive flow-through permeameter setup. US denotes
upstream, DS denotes downstream, PT denotes pressure transducer, vac. denotes vacuum
port. (a) constant pressure-difference permeameter, plus the coiled sample; (b) CO2-H2O premixing vessel; (c) CO2 pressure system. Note that components (a) and (b) were maintained at
test temperature during individual experiments.

4.2.2

Reactive flow-through apparatus

4.2.2.1 Permeameter
Our reactive flow-through experiments were performed in a purpose-built
permeameter system (Figure 4.1), capable of running at temperatures up to 80
°C (± 0.5 °C) and fluid pressures of 10-15 MPa, thus approaching downhole well
conditions. The main setup consisted of two temperature-controlled Teledyne
ISCO syringe pumps (models 500D and 65D for the 60 °C and 80 °C
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experiments, respectively), connected to the up- and downstream ends of the
cemented-filled steel-coil sample (Figure 4.1a). The pumps, controlled using
LabView-based software, were operated in constant pressure mode, together
maintaining a constant pressure difference (0.12-4.8 MPa) across the sample.
Both pumps were equipped with Honeywell Model TJE pressure transducers
(resolution ~10 kPa), as well as demineralised water and vacuum connections.
The upstream (US) pump was also connected to a reactor vessel system (Figure
4.1b), used to pre-equilibrate and source the CO2-bearing aqueous phase
constituting the inlet fluid. During the experiments conducted at 60 °C, a Keller
PD-33X/80990 differential pressure transducer (resolution ~1 kPa), mounted
between the syringe pumps, was used to corroborate the syringe pump
pressure data. In all experiments, the coiled sample was immersed in a silicone
oil thermobath, used to circulate heated fluid through temperature control
jackets on the two pumps, thus maintaining these components at experimental
temperature. The high pressure tubing connecting the remaining components
of the setup was heated electrically using insulated heating tape. The
thermobath and heating tape temperature were controlled at test temperature
to within 0.1 °C. All non-immersed parts were insulated using fibreglass and
Styrofoam. The functionality of the permeameter was tested during benchmark
experiments (described in Appendix A).

4.2.2.2 CO2-H2O fluid source system
The CO2-bearing aqueous phase used in the reactive flow-through experiments
was prepared in the mixing vessel shown in Figure 4.1b (volume ~1.2 l). This
was maintained at either 60 or 80 °C (± 0.5 °C), in accordance with the intended
flow-through conditions. The vessel was equipped with a Keller PAA-33X
pressure transducer, a vacuum connection and two CO2 inlets (one, with a
bubbler to promote mixing) at the top, and a connection to the US pump at the
bottom of the vessel (Figure 4.1b). Prior to each experiment, the mixing vessel
was 75%-filled with demineralised water, evacuated to remove air and
pressurized with CO2 using a Sprague S216J60 EPR diaphragm pump (Figure
4.1c). Per experiment, the supercritical CO2 plus H2O mixture was allowed to
equilibrate at temperature for about a week, maintaining the pressure inside
the reaction vessel at 9.5 MPa. This fluid was estimated to have a pH of ~3.2 at
60 to 80 °C and 10 MPa pressure, using the model by Duan and Sun (2003).
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4.2.3 Reactive flow-through testing procedure
The reactive flow-through experiments generally involved an initial reference
permeability measurement, performed using demineralised water, followed by
introduction of supercritical CO2-rich water. To make the initial reference
determination, each coiled sample was mounted in the permeameter and the
two syringe pumps plus sample were charged with deaerated, demineralised
water by vacuum-flushing. The pump-sample system (Figure 4.1a) was then
pressurized to 10 MPa and, after initial calibrations and leak tests, brought to
experimental temperature and allowed to equilibrate for ~10 h. Subsequently,
the US and DS pumps were isolated from the sample and the upstream pressure
was increased to the desired value (10.12-10.6 MPa). Quantitative leak-rate
calibrations were performed (duration >24 h) on the individual, isolated pumps
at this stage. The sample and DS pump were then connected and allowed to
fully (re)equilibrate at a downstream pressure of 10 MPa over ~10 h, prior to
permeability measurement.
The reference flow-through experiment using water was initiated by opening
the connection between the US pump and the sample, thereby imposing a
constant fluid pressure difference across the sample. The magnitude of the
resulting flow from the US to DS pump provides a measure of initial (apparent)
sample permeability. Note that where required to obtain a stable initial
permeability with respect to water, the samples were flushed to remove fines
created during debonding, then making the reference measurement.

The switch from flow-through of water to CO2-bearing fluid was initiated when
the US pump was emptied of water. The US pump was then isolated from the
sample, connected to the reaction vessel (Figure 4.1b) and filled with CO2saturated water in flow-rate control mode. During this procedure, the pressure
of 9.5 MPa in the reaction vessel (and hence in the US syringe pump) was
maintained nominally constant by supplying CO2 using the Sprague diaphragm
pump (Figure 4.1c). The water-filled DS pump and sample were maintained at
10 MPa. Once filled with CO2-saturated aqueous fluid at reaction vessel P-T
conditions, the US syringe pump was isolated from the reaction vessel and
pressurized further to the desired upstream pressure (10.12-10.6 MPa), in
pressure control mode. Flow was then initiated through the sample into the DS
pump with the DS pressure held at 10 MPa. Under these conditions, the amount
of CO2 dissolved in the aqueous fluid captured in the US pump (at 10.12-10.6
125

Chapter IV
MPa) equals the equilibrium concentration in the reaction vessel at 9.5 MPa and
test temperature, which is slightly lower than the equilibrium CO2
concentration at the pressure of 10 MPa in the DS pump. While this approach
leaves the fluid undersaturated with respect to CO2 at the US and DS pump
pressures, it inhibits CO2 degassing during flow, which might otherwise yield
multi-phase flow effects. Permeability measurement was continued for a total
of 250-870 h, intermittently suspending measurement by isolating the sample
to re-stroke and/or recharge the pumps. After such events, the sample-pump
system was allowed to settle for about one hour, before permeability
measurement was continued by reconnecting the sample.
4.2.4

Data acquisition and processing

4.2.4.1 General aspects
A PC equipped with LabView-based software was used to log the pump volume,
flow-rate, pressure and differential pressure signals every 2 s throughout the
flow-through runs. The data obtained were processed by removing data
intervals corresponding to pump re-stroking or other maintenance, correcting
for both volume and time offsets accordingly. All data records were then
smoothed by averaging over two-minute intervals. As already indicated,
individual pump leak-rates were obtained from calibrations performed before
(and after) each experiment. Whole system leakage during our experiments
was estimated using total volume data (i.e. the sum of US and DS pump volume
data versus time), ignoring small changes in total volume due to chemical
reaction (Matschei and Glasser, 2007).

Assuming single-phase flow, the processed data were used to calculate the
evolution of the apparent Darcy permeability of each coiled sample [m2],
defining this here as (e.g. Guéguen and Palciauskas, 1994)

κ app = µ

QS L
A ∆P

(4.1)

where µ is the dynamic viscosity of the fluid [Pa s], QS is the fluid flux traversing

the sample [m3 s-1], L and A are the length [m] and cross-sectional area [m2] of
the coiled sample, respectively, and ∆P is the pressure difference across the

sample, i.e. that measured between the US and DS pumps [Pa]. QS was obtained

at specific times by smoothing pump volume versus time data using a moving
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average method, followed by linear regression over intervals up to two hours.
Corresponding values for ∆P , leak-rates and pump volumes versus time were
obtained using the same moving average method.

4.2.4.2 Accounting for uncertainty due to leaks
The fluid fluxes obtained from the measured pump volume data inevitably
contain contributions from minor leaks, resulting in systematic error.
US
Specifically, the fluid flux estimate obtained from US pump data ( Qpump
)

represents the fluid flux through the sample ( QS ) plus the flux lost via any leaks

US
US
US
in the permeameter upstream of the sample ( Qleaks
) so that Qpump
.
= QS + Qleaks

DS
DS
. We defined minimum and
Similarly, for the DS pump Qpump
= QS − Qleaks

maximum bounds for apparent sample permeability [m2], based on DS and US
pump volume data, as

DS
US
Qpump
Qpump
L
L
=
κ min µ=
and κ max µ
A ∆P
A ∆P

(4.2)

If leakage is negligible compared to the flux through the sample ( QS ), then
DS
or
κ min ≈ κ max ≈ κ app . However, if leakage contributes substantially to Qpump
US
Qpump
, then κ min and κ max will reflect the associated uncertainty in κ app . To obtain

a best estimate for κ app , we corrected for leaks as follows. Using the leak-rates
US
DS
and Qisolated
obtained in calibrations before and after each reactive flowQisolated

through experiment, the fraction of the system leak-rate attributable to leakage
upstream of the sample was quantified as

fUS =

US
Qisolated

US
DS
+ Qisolated
Qisolated

(4.3)

Assuming fUS does not change significantly upon initiation of flow-through, this

fraction was used to define a leak-rate-corrected (LRC) apparent sample
permeability [m2] given

TOTAL
TOTAL
US
DS
− fUS Qleak
+ (1 − fUS ) Qleak
Qpump
Qpump
L
L
κ LRC µ= µ
=
A
A
∆P
∆P

(4.4)
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TOTAL
US
DS
US
DS
was determined by linear regression
Here Qleak
= Qleak
+ Qleak
= Qpump
− Qpump

applied to the whole system volume versus time data, i.e. neglecting reactioninduced changes in whole system fluid volume.

Henceforth, in presenting our apparent permeability results we use κ LRC , which

provides a best approximation for the apparent sample permeability, adding

κ min and κ max to specify the associated uncertainty limits.

4.2.4.3 Accounting for other errors
Errors due to other sources were estimated assuming that these could be
regarded as independent and random. Neglecting small errors in L and A , and
those resulting from temperature variations, the net error in κ app , as given by
Equation 4.1, is

2
2
δκ app
 δµ 
δ∆P 
≈   + 

κ app
 µ   ∆P 

(4.5)

where the prefix δ refers to the error or uncertainty in the associated quantity

(cf. Taylor, 1997). Equivalent expressions apply for Equations 4.2 and 4.4.

Let us focus first on δµ . The dynamic viscosity, µ [Pa s], of an aqueous fluid

depends on its temperature, salinity and dissolved CO2 content (Fleury and
Deschamps, 2008; Islam and Carlson, 2012; Mao and Duan, 2009). In our
experiments, fluid composition, hence µ , cannot be constrained accurately,
given the complex chemical reactions involved. In calculating apparent sample
permeability using Equations 4.2 and 4.4, we therefore assumed a constant

µ -value of either 4.84·10-4 Pa s (at 60 °C) or 3.69·10-4 Pa s (at 80 °C),

corresponding to the dynamic viscosity of a 0.3 M NaCl solution at 10 MPa fluid
pressure and the said temperatures (following Mao and Duan, 2009). A salinity
of 0.3 M NaCl was chosen to reflect the ionic strength of a typical cement pore
fluid (Andersson et al., 1989; Rothstein et al., 2002). We neglected any effects of
reaction-induced changes in ionic species entering/leaving the solution or in
dissolved CO2 content. If true salinity fell in the range 0-1 M in our experiments,
use of our fixed reference value of 0.3 M would introduce up to relative errors
( δµ / µ ) of ±10% in dynamic viscosity (Mao and Duan, 2009). Neglecting
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dissolved CO2 content may yield relative errors of a similar magnitude at high
ionic strength (Islam and Carlson, 2012). Turning now to δ∆P in Equation 4.5,

this was estimated to be ~0.02 MPa, from permeameter calibrations, implying a

relative error ( δ∆P / ∆P ) of ≤15% compared to the pressure differences of
0.12-4.8 MPa applied during the experiments. On this basis, the net relative

uncertainty in κ min , κ max and κ LRC due to random errors was estimated to be at

most 30%.

4.2.5 Post-experiment microstructural and mineralogical analysis
After completion of the reactive flow-through experiments, the four coiled
samples were subjected to mineralogical and microstructural study. To this
end, the samples were first dried in an oven at 60 °C for 48 h, then cut into
lengths of approximately 2.5 cm. Cross-sections measuring 2 mm in thickness
were then cut, from the middle of selected lengths, to obtain a sequence (from
inlet to outlet) of sections oriented normal to the flow direction. These were
studied using reflected light microscopy and micro-X-ray fluorescence analysis
(µXRF), followed by scanning electron microscopy plus energy-dispersive X-ray
spectroscopy (SEM-EDX). The sections were Pt/Pd-coated for the latter,
allowing carbonates and hydroxides/oxides to be discerned. The cementitious
contents of the remaining lengths of tube were removed and crushed into a
powder, to be used in X-ray diffraction (XRD) and thermo-gravimetric (TGA)
analysis. Reference data for TGA and XRD were obtained from crushed cement
obtained from ~2.5 cm lengths, cut midway from the 20 cm long reference
samples. The reference samples were not used for microstructural analysis, as
they did not experience hydraulic debonding.

TGA analysis was performed on the powdered contents of the segments by
increasing the temperature from RT to 900 °C, at a rate of 10 °C min-1 (cf.
methods in Lothenbach et al., 2007; Luquot et al., 2013; Taylor, 1992). Weight
loss during heating, which occurs as H2O and CO2 are released by thermal
decomposition, allowed the portlandite and calcium carbonate content of the
reacted cement material to be estimated. Following Taylor (1992), results were
referred to the ignited weight, since the initial weight will have included a
relatively arbitrary amount of free and loosely bound water.
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4.3 Results
Key data obtained in the four reactive flow-through experiments performed are
summarized in Table 4.1. In the following, we first describe the flow-through
permeametry results, followed by detailed microstructural, (micro)chemical
and mineralogical observations.
4.3.1 Apparent permeability evolution
Given the low matrix permeability of cement (typically 10-21 to 10-17 m2, cf.
Montgomery, 2006; Taylor, 1992), flow in the coiled samples presumably
occurred predominantly via annuli at the cement-steel interface created during
sample preparation. However, the exact defect geometry and its evolution
during the experiments are unknown, since microstructural analysis could only
be performed after test completion. We accordingly present the evolving
transport properties of the coiled samples in terms of the apparent sample
permeability, expressed as κ LRC [m2] (plus κ min and κ max ), calculated with

respect to the initial internal cross-sectional area of the steel tubes, using
factory tube dimensions. Therefore, the data presented here include the effects
of both chemical reaction and minor changes in defect dimensions due to
variation in fluid pressure.
4.3.1.1

Sample T60-1

The apparent permeability, κ LRC , of coiled sample T60-1 (ID 6 mm, length 6 m)

remained constant at ~3.4·10-13 m2 during 4 h of initial water-based
measurement at ∆P = 0.6 MPa (Figure 4.2a,b). After introduction of CO2-bearing
fluid, holding ∆P constant, the permeability decreased by nearly two orders, to
~7.6·10-15 m2, over ~57 h. Due to a power failure, the test was then interrupted
for ~30 h, during which time the permeameter system had to be restarted and
recalibrated for leaks. Upon reinitiation (at t = 87 h), the apparent sample
permeability continued to decrease at a similar rate, reaching κ LRC ≈ 1.3·10-15 m2

after 109 h. At this point, the pressure difference was increased to ∆P = 1.8 MPa
using the US pump, to reduce the significance of leaks in the US pump (Figure
4.2a,b). Following this step, the apparent sample permeability continued to
decrease, though at a progressively decelerating rate, reaching κ LRC ≈ 2.8·10-16

m2 at 258 h (Figure 4.2a). The pressure difference was then increased to ∆P =
4.8 MPa. This produced a direct increase in apparent permeability. The
apparent sample permeability returned to pre-pressure step values within 48
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h, however, and continued to decrease until shortly before termination of the
experiment at 877 h, when κ LRC approached ~2.9·10-17 m2, effectively the lower

measurement limit for this sample length. In total, ~25 ml of water and ~90 ml
of CO2-bearing fluid were injected during experiment T60-1.

4.3.1.2 Sample T60-2
The initial water permeability of sample T60-2 (ID 6 mm, length 6 m) was
~3.3·10-12 m2, about an order higher than that of T60-1 (Figure 4.2c,d). This
remained constant during 7 h of water injection (~460 ml) at ∆P = 0.6 MPa.
Upon introduction of CO2-bearing fluid at the same ∆P , the apparent sample
permeability dropped rapidly, attaining a near-stable value of κ LRC ≈ 9.3·10-15

m2 after 41 h (~100 ml injected of CO2-bearing fluid). Increasing ∆P to 1.8 MPa
had little effect (see Figure 4.2d, range 100-200 ml). Increasing ∆P to 4.8 MPa
resulted in slow fluctuations, with permeability first decreasing by about 30%
and then increasing back to ~8.0·10-15 m2, after which a slowly decreasing
trend was once again established (Figure 4.2c,d). Decreasing ∆P back to 1.8
MPa resulted in a small, instantaneous reduction in apparent permeability,

κ LRC which subsequently remained more or less constant at ~6.0·10-15 m2. In

total, this experiment involved the flow-through of ~350 ml of CO2-bearing
fluid.
4.3.1.3

Sample T80-1

The initial apparent water permeability, κ LRC , of coil T80-1 (ID 8 mm, length 2
m), measured at ΔP = 0.2 MPa, was ~1.0·10-13 m2. This remained constant
during 12h of flow-through using water, injecting ~41 ml (Figure 4.2e,f).
Introduction of CO2-bearing fluid at ΔP = 0.2 MPa, once again resulted in a rapid
decrease in apparent sample permeability, which dropped about three orders
before attaining a more or less stable value of κ LRC ≈ 8.0·10-17 m2 after 90 h. At

180 h, ∆P was increased to 2 MPa, producing a transient increase in
permeability. This lasted for about a day, after which the permeability gradually
decreased to a value of κ LRC ≈ 8.2·10-18 m2 (the lower measurement limit at ΔP

= 2 MPa), shortly prior to experiment termination. In total, ~30 ml of CO2-rich
fluid was injected (Figure 4.2f). The experiment was terminated by performing
a final series of transient step permeametry tests (Hsieh et al., 1981; Neuzil et
al., 1981) for control purposes. This yielded a permeability of ~8.4·10-18 m2
(not plotted in Figure 4.2e,f).
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Figure 4.2: Apparent sample permeability (κapp), expressed in terms of κmin, κmax and κLRC,
versus elapsed run time and injected fluid volume, for cement-filled steel tube samples T60-1
(a-b), T60-2 (c-d), T80-1 (e-f) and T80-2 (g-h). Zero run time and zero injected volume are
taken at the moment flow-through using CO2-bearing aqueous fluid was started. Our, waterbased permeametry results are therefore plotted in the negative time and volume domains.

4.3.1.4 Sample T80-2
Coil T80-2 (ID 6 mm, length 1.2 m) also showed a stable, though relatively high
initial sample permeability with respect to water of ~3.0·10-13 m2. This was
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measured using ΔP ≈ 0.12 MPa (Figure 4.2g,h). After injection of ~27 ml of
water, CO2-bearing fluid was introduced, also at ΔP ≈ 0.12 MPa. The
permeability initially decreased similarly to T80-1. In T80-2, however, a more

or less constant permeability of κ LRC ≈ 5.6·10-16 m2 was reached after only 45 h

(cf. Figures 4.2g,e). Upon increasing ΔP to 0.5 MPa, a transient increase was
again observed, decaying to a minimum in permeability of κ LRC ≈ 5.7·10-16 m2,

occurring some 30 h later. The apparent permeability then increased slowly,
reaching κ LRC ≈ 6.9·10-16 m2 at about 250 h of run time (~31 ml of CO2-bearing

fluid injected), at which point severe leakage forced termination of the
experiment. Note that the volume of CO2-bearing fluid injected during the
period of initial permeability decrease, was approximately 20-25 ml in both
T80-2 and T80-1.
4.3.2 Microstructural and mineralogical observations
Upon removal from the permeameter setup, the cement inside each of the coil
samples was visibly wet, orange-brown in colour at the inlet side (i.e. the
upstream end of the cement) and grey at the downstream end. The inside of the
steel tube, as far as free of cement and visible, was coated by a thin corrosion
scale film.

4.3.2.1 Reflected light and scanning electron microscopy
Sections cut normal to the tube axis, hence flow direction, revealed the postexperiment defect geometries of all four coiled samples, as well as alteration
and chemical zonation in the cement. Figures 4.3-4.5 show reflected light
images of progressively more distal cross-sections through the four samples.
The downstream positions of these cross-sections are indicated schematically
in Figure 4.6, together with a simplified graphical representation of the features
described in the three subsections below. Figure 4.7 shows scanning electron
micrographs of specific features in all four samples. Note that the azimuthal
orientation of the cross-sections differs between images obtained via the
different techniques.
4.3.2.1.1
Defect geometry
Sample T60-1 (Figure 4.3) was characterized by a nearly radially symmetric,
annular debonding defect at the cement-steel interface (Figure 4.3a,d + insets).
Short-ranged, shallow fractures, apparently orientated subparallel to the
section plane and presumably formed as the hardened cement-filled steel tube
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was bent into a coil shape, were occasionally observed in the bulk cement.
Within 2 cm of the inlet, the annulus attained large apertures up to ~700 μm
wide (Figure 4.3a). These large apertures were due to extensive local yielding
of the steel tube, sustained during hydraulic debonding (Section 4.2.1). The
diameter of the cement core appeared relatively unchanged (~6 mm, i.e. factory
ID of steel tube). Along the remainder of the coil length ( d > 2 cm), the
debonding aperture was much smaller (Figure 4.3, insets), being about 60 μm
wide and fairly uniform in both tangential and axial (longitudinal) directions,
though with local excursions in the range 40 to 95 μm.

Debonding at the cement-steel interface of sample T60-2 (Figure 4.4) was less
symmetric, with the cement core being off-centre in some of the sections
studied. The debonding defect was about 20-50 µm wide where the cement
core approached the tube wall and attained 200-400 μm at its widest point. The
gap width was generally about 150-250 μm along half to three-quarter of the
cement perimeter. This defect geometry remained fairly constant along the 6 m
of tube.

Sample T80-1 (Figures 4.5a-h) resembled T60-1 in having a more or less
radially symmetric defect geometry, as well as showing marked widening of the
debonded annulus to produce an annular gap of up to 800 µm within ~3 cm of
the inlet. Along the remainder of the tube’s length, the circumferential defect
measured 20-60 µm in width. At distances greater than about half a metre from
the inlet, the aperture locally contained cement fragments dislodged from the
core (Figure 4.7a). Where present, fragments typically occupied <30% of the
perimeter of the cement core, the remainder of the debonding defect remaining
unrestricted.

Sample T80-2 (Figures 4.5i-p) showed a pronouncedly asymmetric defect
geometry, in the form of a longitudinally continuous (or near-continuous),
crescent-shaped void (Figure 4.5i). This cavity may have formed due to
gravitational-settling of the cement slurry in the curing stage, during which
sample T80-2 (only) was stored on its side. Defects of such a nature may be
relevant for inclined wellbores. In proximal cross-sections (within ~20 cm of
the upstream inlet), the aperture measured ~200 µm at the widest point of the
“crescent”, tapering off along within ~3 mm along the perimeter of the cement,
towards a residual debonding aperture, some 10-20 µm wide, present along the
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Figure 4.3: Reflected light photographs of successively more distant cross-sections through
coiled sample T60-1. Distance d [cm] from the upstream inlet is indicated for each section.
Azimuthal orientation of cross-sections is roughly constant.
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Figure 4.4: Reflected light photographs of successively more distant cross-sections through
coiled sample T60-2. Distance d [cm] from the upstream inlet is indicated for each section.
Azimuthal orientation of cross-sections is roughly constant.
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Figure 4.5: Reflected light photographs of successively more distant cross-sections through
coiled samples T80-1 (a-h) and T80-2 (i-p). Distance d [cm] from the upstream inlet is
indicated for each section. Azimuthal orientation of cross-sections is roughly constant.
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entire remaining perimeter (Figure 4.7b). This cross-sectional defect geometry
remained fairly constant in the longitudinal direction, though the maximum
aperture of the crescent-shaped opening gradually decreased to ~60 μm at the
downstream end of the coil.

In all four samples, much larger, but short-ranged voids were locally present as
well (e.g. Figures 4.3g, 4.5m). Given their size and mostly spherical outline,
these presumably represent air bubbles trapped during emplacement of the
cement slurry.

4.3.2.1.2
Cement alteration and zonation
All samples showed similar results with regard to chemical alteration and
zonation in the cement. In all cases, at least three, sometimes five distinct radial
(i.e. sub-concentric) zones were observed in the cement matrix (Figures 4.34.5). In the longitudinal direction, evidence of reaction and zoning tapered out
rapidly, with the maximum downstream extent varying from ~20 cm in T80-1
to ~200 cm in T60-2 (Figures 4.3-4.5). In the following, we first describe the
general sequence of alteration zones, as encountered in the radial direction,
and then present our observations on how the character and extent of this
zonation change in the longitudinal direction, i.e. downstream.

In proximal cross-sections, which typically contained more complete
successions of the alteration zones identified, the cement directly adjacent to
the debonded cement-steel interface showed a relatively porous, orange band
(referred to here as Zone I). This zone was up to ~300 μm wide in the most
proximal sections studied. It was developed mainly along sectors of the cement
core perimeter where the defect aperture was largest (e.g. Figures 4.3a, 4.4b,
4.5i + insets), but quickly diminished in downstream cross-sections. Moving
towards the centre of the cement core, Zone I was followed by a less porous,
orange-brown band (Zone II). The width of this zone averaged about 1-2 mm,
but also varied considerably, locally ranging from ~100 μm to >3 mm wide (e.g.
Figures 3a,b, 4a,b). Zone II was in turn followed by a sharply defined, thin
(typically ~100 μm wide), dark greyish to brownish front (Zone III – e.g.
Figures 4.3d, 4.4b, 4.5b,i + insets), which appeared dense, i.e. of low porosity, in
SEM images (Figure 4.7c-e). Small sub-radial fractures, seen in all samples,
were sealed where they traversed Zones II and III, but remained open deeper
into the cement (Figure 4.7d). This suggests that significant precipitation of
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Figure 4.6: Simplified graphical representation of the descriptions of defect geometry,
cement alteration zonation and precipitation in the (debonding) defects given in the text (see
Section 4.3.2.1). Vertical bars accompanying textual information indicate that the text applies
to downstream of this bar.

carbonates (identified using EDX) occurred within the orange-brown and dark
greyish zones (II-III). In SEM images of proximal cross-sections, areas of
increased porosity could be observed inward of the dark greyish front of Zone
III, suggesting that some reaction occurred in this region, which we shall hence
denote Zone IV (Figure 4.7c-e, see also 4.5b + inset). The grey-coloured
remainder of the cement matrix (Zone V) generally appeared unaffected by
reaction (e.g. Figures 4.3g-l + insets). Interestingly, several of the cross-sections
displayed a more complex zonation pattern, with apparent repetition of Zones
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II-IV, or additional high porosity regions located near the main defect (Figure
4.7e). These complexities perhaps reflect the increases in fluid pressure
difference that were imposed during the experiments, or may stem from the
sectioning of three-dimensionally complex reaction front geometries.

In the downstream direction, the radial alteration zones seen in proximal
sections thinned rapidly. Orange Zone I persisted up to about 7 cm, 30 cm and 5
cm downstream of the inlet in samples T60-1, T60-2 and T80-2, respectively. It
was not observed at all in sample T80-1. The thinning out of orange-brown
Zone II was most pronounced in coils T60-1 and T80-1, where it became <1 mm
wide in cross-sections beyond 10 cm from the inlet and started to appear
discontinuous from around 15-20 cm downstream (Figures 4.3, 4.5). The
orange-brown colouration became indiscernibly thin at about 20-60 cm from
the inlet. In sample T80-2, Zone II retained millimetre-width further
downstream (up to ~15 cm), though only directly adjacent to the crescentshaped void. Thin rims of discolouration were observed along the entire 1.2 m
length of sample T80-2. In sample T60-2, Zone II dominated up to ~80 cm away
from the inlet and remained millimetre-width up to ~110 cm (Figure 4.4),
finally tapering out somewhere between 180 and 230 cm downstream. The
maximum downstream extent of dark greyish Zone III was more or less equal
to that of Zone II, while that of the more porous Zone IV was difficult to assess.

4.3.2.1.3
Precipitates developed in interfacial apertures
In addition to the reaction zonation and radial crack sealing features seen in the
cement matrix, cross-sectional observations revealed extensive precipitates of
calcium carbonate (identified using EDX) formed in the open apertures at the
cement-steel interfaces present in all samples. In samples T60-2, T80-1 and
T80-2, radiating aggregates of acicular aragonite precipitate were observed
(Figure 4.7f-h). This acicular aragonite occurred locally in coil sample T60-1
also, but here most of the aperture-fill consisted of a fine-grained (mostly submicron sized), porous white precipitate. Similar fine material was also observed
in samples T60-2 (Figure 4.7i), T80-1 and T80-2. SEM-EDX analysis showed
that these fine precipitates consisted mostly of calcium carbonate. The steel
tube side of the interfacial defects was generally coated by a very thin corrosion
scale, but otherwise did not show signs of reaction.
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Figure 4.7: Secondary electron SEM micrographs of tube cross-sections. Sample name and
distance from fluid inlet are indicated. (a) cement fragment dislodged and obstructing the
debonding defect, T80-1; (b) small debonding defect in T80-2; (c) Back-scatter electron image
of reaction zones I-V in T60-1. Note the relatively dense and porous appearances of Zones III
and IV, respectively; (d) fracture in T80-1, sealed by calcium carbonates in Zones II-III and
open in Zones IV-V; (e) complex zonation pattern showing apparent repetition of Zone II in
T80-1; (f) aragonite precipitates in debonding defect, T60-2; (g) micrograph of material seen
in inset of Figure 4.4g, showing its acicular nature; (h) precipitation of acicular crystals in
T80-2; (i) fine-grained precipitate in debonding defect, T60-2; (j) detailed view of cement at
inner wall of large pore visible in Figure 4.3g, showing small rhombohedral crystals; (k, l)
unidentified calcium carbonates precipitated in cement exposed in debonding defect, T80-1.

141

Chapter IV
In the longitudinal direction, i.e. along the overall flow-path, the spatial
distribution of the various calcium carbonate precipitates varied with
downstream distance and between the four coil samples. In sample T60-1, only
sparse precipitation was observed in apertures present in the first centimetre
of the cement-filled coil. The cement here appeared extensively reacted and
porous (Zone I, Figure 4.3a + inset), while the diameter of the cement core had
remained more or less unchanged. At a distance of ~2 cm from the inlet,
calcium carbonates (identified using EDX) started to block up the debonding
aperture, while the adjacent cement was still orange-brown coloured (Figure
4.3d). Acicular aragonite occurred only occasionally. The extent of aperturefilling precipitation was largest and appeared near-complete somewhere
between 20 and 90 cm downstream from the inlet (Figures 4.3g-h). In more
distal cross-sections (Figures 4.3j-l), the interfacial apertures were only
partially filled, predominantly with fine-grained calcium carbonates, while the
adjacent cement appeared little altered (Zone V). Precipitates occurred in
similar, slightly decreasing amounts up to the end of the 6 m tube.
In sample T60-2, cross-sections obtained from within about 10 cm of the inlet
displayed only sparse to zero precipitation in the large open apertures, which
instead were bounded by porous, bright orange, extensively altered cement
(Figure 4.4b). The sparse precipitate observed over this range mainly consisted
of fine-grained, whitish material, presumably calcium carbonate. Further
downstream, radial aggregates of acicular aragonite progressively fill the
debonding defect (Figures 4.4g, 4.6f,g). The extent of aragonite-filling was
greatest between 80 and 150 cm away from the inlet, quickly dwindling to
insignificant amounts further downstream. There, the debonding defect largely
remained open, though often contained patches of fine white precipitate. The
cement exposed at the open defects was partially carbonated, showing small
idiomorphic crystals identified using EDX (Figure 4.7i).

In sample T80-1, acicular aragonite was abundant in the most proximal crosssections studied, with the characteristic crystals bridging large parts of the
~240 μm wide debonding defect present. Further downstream, where the
debonding aperture narrowed, acicular aragonite and other (fine) carbonates
filled the gap almost completely (Figure 4.7d). At distances from the inlet
greater than ~1 m, little evidence was found for precipitation in the apertures,
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for chemical zonation in the cement matrix, or for other changes beyond mild
carbonation (Figure 4.7l).

In the first ~9 cm sample T80-2, only the narrow, tapered ends of the crescentshaped opening present here showed signs of precipitation of mixed calcium
carbonates, while the centre of the defect remained open (Figure 4.5i). The
cement directly adjacent to the open aperture showed an increase in porosity
and looked abraded (cf. sample T60-2). At distances beyond ~9 cm from the
inlet, undiscerned calcium carbonates progressively filled the interfacial
aperture (Figure 4.7h), though more or less open patches remained present in
all cross-sections studied from the remaining ~1.1 m.
4.3.2.2

Chemical analyses

4.3.2.2.1
Micro-X-ray fluorescence element maps
Single-element µXRF maps are shown in Figure 4.8, for Fe, Ca, Si and S, as
measured in selected polished sections of samples T60-1 and T80-2. The
greyscales appearing in these images broadly reflect element abundance, with
lighter shades corresponding to higher concentrations. Note that the spatial
resolution of this method is about 30 μm only (spot size).

In general, the µXRF data confirm the reaction zonation seen using optical and
SEM microscopy, though the azimuthal orientations of the cross-sections in
Figure 4.8 differ compared with Figures 4.3-4.6. This zonation is particularly
apparent in the sulphur maps, where S depletion correlates well with the extent
of the orange and especially orange-brown colouration (Zone I and II,
respectively) in reflected light micrographs. In mapping Ca, the highest
concentrations were obtained where carbonates filled wide apertures at the
cement-steel interface. Other reacted regions, such as the optically orangebrown coloured and dark greyish regions (Zone II and III, respectively) also
showed elevated Ca concentrations. Lower Ca concentrations were found in the
high porosity regions of Zone IV. Significant Ca-depletion was also observed
immediately adjacent to the widest part of the crescent-shaped cavity in sample
T80-2. The Si maps for T60-1 and T80-2 showed increased relative abundances
of Si at locations near debonding defects, where the cement was substantially
altered. The steel tube inevitably formed a prominent feature in all Fe maps. In
addition, close to the inlet of both samples, Fe concentration was enriched in
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narrow zones within the cement bordering debonding defects. This was not
observed further downstream.

Figure 4.8: Single-element micro-X-ray fluorescence maps of cross-sections of coiled samples
T60-1 and T80-2. Distance d [cm] from the upstream inlet is indicated for each section. TC
denotes total count maps. Greyscale is redefined per section and per element, and broadly
reflects element abundance, with lighter shades corresponding to higher concentrations.

4.3.2.2.2
X-ray diffraction data
Both XRD and TGA analysis were performed on the crushed hence averaged
contents per sequential segment cut from the coiled tubes. The content of each
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reference sample was similarly treated. In all four coiled samples, as well as the
reference samples, calcite, aragonite, vaterite, portlandite, gibbsite, ettringite
and brownmillerite were identified qualitatively using XRD. Quantitative XRD
analysis was performed only for calcite, aragonite and vaterite, to obtain
estimates for the relative abundances of these calcium carbonate phases. No
further quantification was attempted, as Portland-based cements consist
largely of poorly crystalline calcium silicate hydrate phases, which cannot be
unambiguously identified using XRD techniques (Taylor, 1992). Quantitative
XRD analysis of the reference cement samples yielded about equal amounts of
aragonite, calcite and vaterite in all cases (e.g. 31.6, 34,4 and 34,0 wt%,
respectively, in the reference equivalent of T60-1), probably reflecting low total
calcium carbonate content rather than real polymorph distributions.

Turning to sample T60-1, quantitative XRD analysis was performed on three
coil segments, obtained at 9 cm, 22 cm and 100 cm downstream of the inlet. In
these, the aragonite content was highest in the sample from nearest the inlet
(43.1 wt% at 9 cm), decreasing to 37.1 and then 24.9 wt% at 22 cm and 100 cm.
Calcite and vaterite content increased with downstream distance, from 39.8 to
43.8, and from 17.12 to 31.3 wt%, respectively. Further analysis was performed
on a sample consisting of orange to orange-brown material (Zones I + II) only,
obtained from ~2 mm downstream of the inlet to sample T60-1. This consisted
of 23.7 wt% aragonite, 63.6 wt% calcite and 12.7 wt% vaterite. In the case of
sample T60-2, XRD analysis performed at 16 and 50 cm downstream of the
inlet gave similar results, with aragonite, calcite and vaterite constituting 59.4,
19.9 and 20.7 wt%, respectively. In the case of T80-1, we obtained 48.2, 27.4
and 24.4 wt% of aragonite, calcite and vaterite, respectively, at 6 cm
downstream. At 16 cm downstream, aragonite, calcite and vaterite constituted
30.7, 49.3 and 20.0 wt% of the carbonates in the coil segment. The carbonate
composition of sample T80-2 in the range 10-16 cm was 39.3 wt% aragonite,
36.6 wt% calcite and 24.1 wt% vaterite. While the number of analyses is
limited, these XRD results suggest that calcium carbonate was present in
similar mineralogical proportions in the four coiled samples. From a
comparison with our observations on defect configuration/fill and chemical
zonation, the results also indicate that aragonite, and, to a lesser extent,
vaterite, occurred preferentially in the debonding defects, while calcite
dominated in the orange-brown zones (Zones I + II).
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4.3.2.2.3
Thermo-gravimetric data
The TGA curves obtained for all coiled samples were typical for carbonated
cement. The bulk of the weight loss occurred in roughly three stages (cf.
Liteanu and Spiers, 2011; Luquot et al., 2013). In Stage 1, i.e. at temperatures
below 350 °C, loss of free water and the dehydration of AFm, AFt and C-S-H
phases dominated (cf. Hidalgo et al., 2008; Taylor, 1992). The second stage of
weight loss, occurring over the temperature range 425–500 °C, could be mainly
attributed to the dehydration of portlandite (Ca(OH)2), (Taylor, 1992). Stage 3
weight loss, above 600 °C, was mainly due to the decomposition of calcium
carbonates (cf. Hidalgo et al., 2008; Taylor, 1992; Villain et al., 2007), with
perhaps some contribution from the final stages of dehydration of C-S-H and
hydrated aluminate cement phases (Taylor, 1992). From the data obtained
above 350 °C, weight percentages of Ca(OH)2 and CaCO3 were calculated in
terms of CaO equivalents (Taylor, 1992).

Figure 4.9: Profiles showing change in Ca(OH)2 and CaCO3 content of the cement core of the
coiled samples, relative to virgin cement, as a function of downstream distance from the fluid
inlet, data obtained from TGA analysis. Compositional change is defined here as the difference
between measured composition and that of unreacted reference material.

For the unreacted (20 cm) reference cement samples corresponding to samples
T60-1, T60-2, T80-1, and T80-2, portlandite contents of 16.8, 16.6, 18.5, and
16.9 wt% (± 1 wt%) were obtained. This is typical for Class G HSR Portland
cement (Lothenbach et al., 2008; Taylor, 1992). Calcium carbonates constituted
4.8, 6.1, 4.5 and 4.7 wt% (± 3 wt%) of the four reference samples.

Turning now to the four coiled samples, Figure 4.9 shows profiles depicting
changes in the Ca(OH)2 and CaCO3 content with distance from the inlet. These
profiles were constructed using the TGA data obtained from consecutive tube
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segments, measuring Ca(OH)2 and CaCO3 content relative to (i.e. in excess of)
the reference sample values. All four coiled samples showed a decrease in
portlandite content (dashed curves) of ~4 to 10 wt% relative to the reference
samples within the first ~15 cm of the cement-filled tubes (Figure 4.9). This
decrease was mirrored by an increase in calcium carbonate content
(continuous curves) of 10-30 wt%, or even ~40 wt% in material from the
upstream extremity of sample T80-1. Beyond about 15 cm from the inlet, the
concentration profiles of the four experiments diverge. In sample T80-1, the
portlandite content recovered over a short distance, attaining concentrations
comparable to the unreacted cement beyond ~20 cm from the inlet (Figure
4.9b). Over the same range, the calcium carbonate content returned to a moreor-less constant value close to that of the reference cement. Similar behaviour
was observed in samples T60-1 and T60-2, where changes in composition
became negligible within ~70 cm and ~230 cm from the inlet (Figure 4.9a). In
the shortest sample T80-2 (1.2 m length), a decrease in portlandite and an
increase in calcium carbonate content were found along the entire longitudinal
extent of the tube (Figure 4.9b).

4.4 Discussion

The present results on our four, cement-filled, steel coils have shown that,
while initial flow-through of water had no effect on apparent permeability,
subsequent introduction of CO2-rich fluid caused a reduction by several orders
over two to three days of flow (Figure 4.2). The largest decreases occurred in
samples T60-1 and T80-1, where the apparent permeability dropped ~4
orders, reaching the lower measurement limit of the permeameter. These
samples contained debonding defects characterized by apertures <100 μm in
width. By contrast, samples T60-2 and T80-2, which contained defects of 100300 μm in width, showed a reduction of only 2-3 orders. Post-mortem analysis
of all samples showed radially (sub-concentrically) zoned alteration of the
cement, particularly near the CO2 inlet, and precipitation of calcium carbonates
in the cement-steel interfacial defects present, especially downstream. The
distribution, extent and nature of the alteration zones and precipitates varied
not only with downstream distance from the injection point of CO2-bearing
fluid, but also with defect width (Figures 4.3-4.9). Both chemical and
microstructural observations suggest that steel corrosion played little role.
Comparing the experiments conducted at 60 and 80 °C, effects of temperature
also seem to have been minor. In the following, we will discuss these results
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and attempt to explain the general trends seen, as well as the differences
between the four reactive flow-through experiments. We further compare our
data with previous experimental and modelling results on reaction and
transport in fractured cement and within steel-cement interfaces. Finally, we
consider the implications of our results for well integrity in the context of CO2
storage.

4.4.1 Reactive transport mechanism
The present experiments showed no change in sample permeability during
initial flow-through of water only, suggesting little or no reaction at the
interface between cement and steel or in the cement matrix at this stage. This is
consistent with previous experiments on cement plus water (e.g. Engkvist et al.,
1996). The rapid drop in permeability observed when flow of CO2-rich fluid was
initiated, coupled with the radial and longitudinal chemical zonation and
precipitation patterns observed after testing, clearly point to this stage of the
experiments being dominated by upstream dissolution of cement via reaction
with CO2, followed by downstream precipitation of carbonates. Here, we
evaluate this hypothesis in detail, making use of previous work. As our chemical
and microstructural observations indicate that steel corrosion played only a
minor role, we will focus on CO2-cement reactions (corrosion will be discussed
in Section 4.4.4).
A large body of literature exists regarding the chemical alteration of cement
exposed to CO2-bearing fluids. Reaction initiates as CO2 dissolves in the pore
fluid, leading to the formation and dissociation of carbonic acid

CO2 (aq ) + H2O (l ) ⇔ H2CO3 (aq ) ⇔ H+(aq ) + HCO3− (aq ) ⇔ 2H+(aq ) + CO32−(aq )

(4.6)

Ca(OH)2 (s ) ⇒ Ca2(+aq ) + 2OH−(aq )

(4.7)

In response to acidification, cement alteration in both open and closed systems
involves dissolution of the portlandite and de-calcification of the calcium
silicate hydrate (C-S-H) phases present, producing (re-dissolvable) calcium
carbonates and poorly crystalline alumino-silicates (Barlet-Gouédard et al.,
2009; Kutchko et al., 2009, 2008, 2007; Mason et al., 2013; Rimmelé et al.,
2008; Wigand et al., 2009), via the reactions (Kutchko et al., 2007)
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C-S-H (s ) ⇒ Ca2(+aq ) + OH−(aq ) + amSiO2 (s )
Ca2(+aq ) + CO32−(aq ) ⇔ CaCO3 (s )

(4.8)

(4.9)

From the CO2-exposed surface of the cement to its interior, these reactions
produce the following widely recognized sequence of alteration zones: (Z1) an
orange-coloured, extensively reacted, porous zone, dominated by amorphous
alumino-silicates, (Z2) an orange-brown zone characterized by the presence of
mixed calcium carbonates, (Z3) a dense carbonation front, (Z4) a portlanditedepleted zone, and finally (Z5) apparently unreacted cement (Kutchko et al.,
2007; Mason et al., 2013; Wigand et al., 2009). Zones Z2-Z5 are also reported in
field studies where CO2-exposed cement has been recovered from depth (Carey
et al., 2007). The present experimental observations on tube cross-sections (see
Figures 4.3-4.8) match this general sequence, with our Zones I-V corresponding
to Z1-Z5 above. In addition to the features of these zones established in
literature, we observed loss of S and Al in our Zones I+II (Figure 4.8). Similar
changes were seen by Wolterbeek et al. (Wolterbeek et al., 2016a) in fractured
cement samples reacted with supercritical CO2-rich water. Wigand et al. (2009)
also report depletion in Al, going from ~3.8 wt% Al2O3 (initial cement) to ~3.1
wt% (Z2 material) in their experiments. In this context, we note that the Febearing AFm phases in cement are typically colourless (Taylor, 1992),
supporting the notion that release of Fe3+ from a reacting mono- or tri-sulphate
phase, producing iron hydroxide, may be responsible for the orange-brown
colouration typical of altered cement (cf. Carey, 2013).
The chemical zonation discussed above has been widely recognized as an
expression of the fact that CO2-cement interactions are generally diffusioncontrolled in the cement matrix (Geloni et al., 2011; Raoof et al., 2012), which
inevitably generates concentration gradients in the internal pore fluid phase. In
a system where the fluid is flowing through a defect, reaction will additionally
lead to gradients in fluid composition in the flow-path direction (cf. Huerta et
al., 2011). With reference to Equations 4.7 and 4.8, this is because dissolution of
portlandite and de-calcification of the C-S-H phases progressively release Ca2+
into solution, increasing its concentration downstream. At the same time, due
to the associated OH- production and pH buffering to alkaline values (Equations
4.7, 4.8), the carbonic acid equilibria in Equation 4.6 are gradually shifted
towards the right-hand side, generating (bi)carbonate at the expense of
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dissolved CO2. Ultimately, precipitation of calcium carbonates will occur
somewhere downstream, via Equation 4.9, provided sufficiently high Ca2+ and
CO32- concentrations can be attained. If the flow-rate is high and the sample
short (<2 cm), no significant precipitation will occur (Abdoulghafour et al.,
2013; Luquot et al., 2013). However, given the length scale of our samples and
of real well systems, sufficiently high concentrations might result in
precipitation and self-sealing (Brunet et al., 2016; Cao et al., 2015; Deremble et
al., 2011; Huerta et al., 2016).

Our microstructural observations, made using samples of 1.2 to 6.0 m in length,
fit well with this conceptual model of dissolution-dominated reaction near the
CO2 source/inlet, followed by a transition to precipitation-dominated reaction
downstream. The extent of orange-brown colouration (Z1+Z2) diminishes with
downstream distance in all of our samples (Figures 4.3-4.6), suggesting a
reduction in the extent of CO2-alteration. Moreover, fully leached cement (Zone
I = Z1), like that observed in experiments exposing cement to either large
volumes (Duguid et al., 2011; e.g. Kutchko et al., 2007) or large fluxes of CO2bearing fluid (Abdoulghafour et al., 2013; Luquot et al., 2013; Mason et al.,
2013), was observed only in the first 1-30 cm of our coil samples, where the
cement was Ca-depleted and Si-enriched (Figure 4.8). This leached cement was
also structurally degraded (porous) along the widest parts of debonding defects
(Figures 4.3a, 4.4b). The present TGA data also indicate that dissolution
occurred mainly upstream, as significant portlandite depletion was confined to
the upstream half of the coiled samples (Figure 4.9). Calcium carbonate
precipitates were occasionally observed in open defects close to the inlet
(Figure 4.3a, 4.4b, 4.5i). However, they occurred extensively further
downstream (Figures 4.3-4.7). The TGA data on calcium carbonate is consistent
with this but represents volumetric averages, thus incorporating carbonation
within the cement matrix as well as precipitation in defects (Figure 4.9).
On this basis, we infer that the broad picture of dissolution/precipitation seen
in our experiments is consistent with a reactive transport mechanism involving
upstream dissolution of portlandite and de-calcification of C-S-H phases,
producing amorphous silica (Zone I) and buffering the fluid pH, followed by
saturation of this fluid and precipitation of carbonates downstream. The
mechanism pictured is illustrated diagrammatically in Figure 4.10, in relation
to our key observations and the reactions inferred to occur.
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Figure 4.10: Diagrammatic representation of the reactive transport mechanism presented
and discussed in Section 4.4.1.

4.4.2 Permeability reduction mechanism
Having identified the mechanism responsible for cement-reaction plus
carbonate precipitation in defects, we now consider whether this precipitation
process can account for the observed permeability reduction. First, it is
important to note that the measured initial (water) permeability of all samples
was 3-5 orders of magnitude higher than that of the cement matrix (typically
10-21 to 10-17 m2, cf. Montgomery, 2006; Taylor, 1992) and, accordingly, of the
fractured cement segments that likely formed during coil bending (samples
T60-1, T60-2 and T80-1). This means that the observed initial permeability
must reflect flow through the (debonding) defects at the cement-steel interface
and that subsequent permeability reduction must be related to processes
restricting flow within these defects.

The most obvious such process is indeed the precipitation of calcium
carbonates, observed in all coil samples. However, much of the precipitate was
acicular aragonite, which has previously been interpreted as a degassing
feature in open fractures in natural CO2 reservoirs (Kampman et al., 2012). We
therefore need to consider to what extent the observed carbonates and
permeability reduction could be related to degassing of the CO2-rich fluid
during flow or during depressurization upon experiment termination. A
decrease in permeability could be related to degassing of CO2, due to the
decrease in fluid pressure along the flow path or changes in salinity. This would
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lead not only to carbonate precipitation but also to multi-phase flow and
relative-permeability effects (e.g. Bear, 1972). Both have previously been
invoked as a partial cause of apparent permeability reduction in cement
samples exposed to CO2 (Bachu and Bennion, 2009; Newell and Carey, 2012).
Degassing might also reduce flow via increases in dynamic viscosity due to
decrease in CO2 content (Islam and Carlson, 2012) or coupled changes in
salinity (Mao and Duan, 2009). However, in the present experiments the
upstream CO2-bearing fluid was prepared to guarantee under-saturation with
CO2 at downstream pressures (Section 4.2.3). This should have prevented
significant CO2 degassing during flow-through (assuming only minor changes in
salinity and hence CO2-solubility due to mixing of CO2-rich fluid with resident
pore water).
Other potential factors that may contribute to permeability reduction include a)
mechanical closure of defects due to chemical weakening of aperture-propping
asperities (Huerta et al., 2009; Walsh et al., 2014a), and b) dislodgement and
migration of fines and alteration products, leading to clogging (Feia et al., 2015;
Newell and Carey, 2012). Chemical weakening of asperities can be eliminated
as no effective confining pressure or defect-normal stress was applied in the
present experiments. Elastic deformation of the steel tube in response to
internal fluid pressurization may have contributed to the transiently high
permeability that followed each increase in ∆P imposed in our tests (Figure
4.2). However, this cannot explain the subsequent decrease to lower
permeability values.

Given our observations of cement fragments (Figure 4.7a) and fine precipitates
(Figure 4.7i) locally obstructing debonding defects, dislodgement and migration
of fines may have contributed to permeability reduction, especially since coil
bending during preparation (Section 4.2.1) undoubtedly created such debris.
However, all samples showed a stable permeability with respect to water prior
to the injection of CO2-bearing fluid. Moreover, sample T80-2, which was coiled
prior to cement curing and did not experience hydraulic debonding, behaved
similarly to the other three samples (Figure 4.2). This suggests that migration
of fines required at least some degree of chemical alteration. Also, large
apertures remained open in all cross-sections where fragmented material was
observed (e.g. Figure 4.7a). We therefore infer that blocking by fragments/fines
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may have contributed to, but cannot explain the major reduction in
permeability observed.

By the above process of elimination, we conclude that the measured
permeability evolution is primarily due to blocking by calcium carbonate
precipitation within cement-steel interfacial defects during our reactive flowthrough experiments, perhaps aided by migration of fines and alteration
products. It also seem likely that acicular aragonite was at least one of the
carbonate phases precipitated during reactive flow-through. This would be
consistent with the fact that Crow et al. (2010) found abundant aragonite in
cement samples recovered from a well in a natural CO2 reservoir. Similarly,
Carey et al. (2007) found a carbonated rind on cement obtained from the
casing-cement interface of a well in the SACROC Unit, West Texas, that
experienced 25 years of CO2-enhanced oil recovery. This contained 60 wt%
aragonite and 24 wt% calcite (see Table 1 of Carey et al., 2007), i.e. proportions
similar to those seen in our XRD data (Section 4.3.2.2.2). Aragonite precipitates
were also observed by Wolterbeek et al. (2013) in batch reaction experiments
on cement-steel composite samples employing a variety of CO2-bearing fluids at
T = 80 °C and ~14 MPa applied CO2 pressure. In that study, we postulated that
aragonite formed, rather than calcite, due to presence of casing steel-derived
Fe2+, which is known to inhibit crystallisation of calcite (Al-Saiari et al., 2008).
This body of evidence suggests that the acicular aragonite precipitation seen in
the present experiments is a real permeability-reducing effect that can be
expected to occur in cement-steel interfaces under in situ conditions. At the
same time, we cannot eliminate the possibility that at least some of it formed
due to degassing upon test termination (Wolterbeek et al., 2016a).
4.4.3

Present results versus previous work
on self-sealing in fractured cement
There is considerable variation among our coiled samples regarding the
downstream extent of reaction and the final sample permeabilities attained
(Table 4.1, Figure 4.2). In general, the degree of alteration and reaction front
depth increased with increasing aperture size (Figures 4.3-4.9). At the same
time, permeability reduction was much more pronounced in the two samples
with defect apertures <100 μm (~4 orders decrease in T60-1 and T80-2), than
in those having defects 100-300 μm in width (2-3 orders decrease in T60-2 and
T80-2). The driving force for flow was similar in all four experiments, with the
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initial pressure differences applied corresponding to a pressure gradient of
~0.1 MPa m-1, i.e. approximately ten times hydrostatic. In this section, we will
attempt to explain the variation seen in our coiled samples, by comparing the
results with previous experiments and models of reactive transport of CO2-rich
fluids through fractured cement only.
4.4.3.1 Comparison with experiments
The aragonite and other calcium carbonate precipitates inferred to cause
permeability reduction in our coiled samples during reactive flow-through, are
similar to those found on the fracture surfaces of CO2-reacted, fractured
cement, as reported by Wigand et al. (2009) or Liteanu and Spiers (2011).
These authors qualitatively associated carbonate precipitation with reduction
in porosity and permeability. Other experimental studies on fractured cement
have shown that permeability evolution at constant injection-rate
(Abdoulghafour et al., 2013; Luquot et al., 2013), or constant pressure
difference driving flow of CO2-rich fluid (Cao et al., 2015; Huerta et al., 2016),
depends on the initial hydraulic aperture of the fractures, the sample length,
and magnitude of the pressure difference or flow-rate imposed. Also these
findings are in good agreement with our results.

4.4.3.2 Comparison with models
The above-mentioned experimental observations on fractured cement by
Luquot et al. (2013) and Huerta et al. (2016) were recently captured in a
reactive transport model by Brunet et al. (2016). This model confirmed that
hydraulic aperture and specifically residence time ( τ [s]), defined

τ=

Vdefect

Qdefect

(4.10)

where Vdefect is the void volume of the defect [m3] and Qdefect is the fluid flux [m3 s-

1],

are key parameters in determining whether reactive flow of CO2 along
fractures will be self-sealing or not – see also models by Cao et al. (2015) and
Abdoulghafour et al. (2016). The model predicts that narrow defects seal faster.
Long residence times provide enough time for CO2-rich fluid and cement to
interact to the point where downstream pH and Ca2+ concentrations are
sufficiently high for precipitation of carbonates, whereas short residence times
do not. Based on their model simulations, Brunet et al. (2016) obtained the
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following relation describing the critical residence time ( τ crit [s]) for sealing of

fractures in cement:

2
τ crit =
5.88 ⋅ 10−2 whydr
+ 15.24whydr

(4.11)

Here, whydr [μm] is the hydraulic aperture of the defect, and α1 plus α 2 are

empirical constants with values of 5.88∙10-2 [s μm-2] and 15.24 [s μm-1],
respectively. If the residence time of CO2-rich fluid in a cement fracture is larger

than this critical value, τ crit [s], then self-sealing is expected. The behaviour
predicted by Equation 4.11, is plotted in residence time versus hydraulic
aperture space in Figure 4.11.

To compare our results for the coiled samples with the Brunet et al. (2016)
predictions for fractured cement represented in Figure 4.11, estimates of the
defect void volume ( Vdefect ) and hydraulic aperture ( whydr ) of our samples are
needed. These were made using both microstructural and permeability data,
assuming Qdefect ≈ QLRC . Defect volume was estimated from microstructure using

=
Vdefect

(R

2
tube

)

− ( Rtube − wobs ) ⋅ L , for samples T60-1, T60-2 and T80-1 (annular
2

defect), and using Vdefect = π wobs Rtube L /3 for T80-2 (crescent-shaped void),

where wobs [m] is the average aperture of circumferential defects, as observed in

the tube cross-sections (see Figure 4.3 to 4.5, and Table 4.1), and L [m] denotes
tube length (Table 4.1). Assuming whydr ≈ wobs [μm] provided a first (upper
bound) estimate of the hydraulic aperture. Estimates of Vdefect and whydr were

made from the permeability data assuming that flow occurred via a
circumferential aperture represented by the region between two coaxial
cylindrical plates with radii Rcement and Rtube [m]. The hydraulic aperture is then
given by w=
Rtube − Rcement [m], and is related to sample permeability via (cf.
hydr

Bird et al., 2002):

2

w 2 ( 2Rtube − whydr ) 
4
1  4

R − ( Rtube − whydr ) +
=
κ app
2
 tube
8Rtube
ln (1 − whydr / Rtube ) 



(4.12)
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Initial hydraulic apertures for the coiled samples, obtained using Equation 4.12,
plus initial κ LRC and Rtube data, are given Table 4.1. These hydraulic apertures

also provide a lower bound estimate of defect void volume, by assuming
Vdefect

(R

2
tube

)

− ( Rtube − whydr ) ⋅ L for samples T60-1, T60-2 and T80-1 (annular
2

defect), and Vdefect = π whydr Rtube L /3 for T80-2 (crescent-shaped void).

We can now estimate the residence time of CO2-bearing fluid in our coiled
samples, plotting these in Figure 4.11. The data for the four coil samples appear
as grey triangles, representing uncertainty in the defect aperture and void
volume as determined from microstructure (solid diamonds) versus
permeability (solid circles). Open squares represent combinations of the
smallest and largest estimates obtained of hydraulic aperture and defect
volume, respectively, hence maximum sealing potential. Note that in all coiled
samples, the apertures observed in cross-section (Figures 4.3 to 4.5) were
larger than the corresponding hydraulic apertures obtained from permeability
data. This may reflect roughness due to cement fragmentation (Figure 4.7a) or
else local aperture or tube constrictions, both of which promote sealing by
increasing residence time.

From Figure 4.11, it is clear that the residence time in samples T60-1 and T80-1
was larger than the critical residence time predicted by the Brunet et al. (2016)
model. This corresponds well with the continued permeability decrease
observed in these samples (Figure 4.2). By contrast, the residencetime/aperture estimates for samples T60-2 and T80-2 fall largely below the
critical line defined by Equation 4.11, consistent with the fact that these two
samples remained relatively permeable compared to T60-1 and T80-1 (Figure
4.2). These observations suggest that the Brunet et al. (2016) model, though
developed for fractured cement, may also be applied to cement-casing
interfaces, provided that corrosion reactions play a minor role. It should be
noted, however, that the permeability decreases observed in the two samples
that plot in the sealing-regime of Figure 4.11 (T60-1 and T80-1) were
considerably larger (3-4 orders) than the 1-2 orders predicted by the Brunet et
al. (2016) model (see Figure 8 of Brunet et al., 2016). Also, the two samples that
plot in the defect opening-regime (T60-2 and T80-2) showed a limited
permeability decrease, rather than defect opening. This may be related to a
difference in reactivity of cement-steel interfaces compared to cement-cement
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Figure 4.11: Self-sealing and defect opening as predicted by the Brunet et al. (2016) model
(Equation 4.11), plotted in residence time versus hydraulic aperture space, together with the
four coiled samples, represented as grey triangles, which show uncertainty. For each triangle,
the bottom-left corner, denoted with a solid circle, corresponds to the aperture and void
volume determined from the permeability data. Similarly, top-right corners (solid diamonds)
represent microstructural observations. Lastly, top-left corners, denoted by open squares, can
be considered as “best case scenarios” for sealing in the coiled samples, combining the longer
residence time estimated using the microstructural observations with the smaller hydraulic
aperture, estimated from the permeability data.

fractures (Brunet et al., 2016), or to effects of supercritical versus liquid CO2, or
to effects of local aperture constrictions. Most likely, however, the difference is
because Equation 4.11 was obtained from simulations conducted using
chemical data (kinetic and equilibrium constants) and diffusion coefficient data
that apply for 25 °C (Brunet et al., 2016). The effect on Figure 4.11 of increasing
temperature is likely a lowering of the critical residence time, since a) CO2cement reactions are typically diffusion-controlled (e.g. Raoof et al., 2012), and
b) diffusion and advective transport rates probably increase similarly with
temperature, due to the inverse relation between diffusion coefficient and
dynamic viscosity embedded in the Stokes-Einstein equation (e.g. Zwanzig and
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Harrison, 1985). This coupling suggests that the sealing tendency may remain
approximately the same with temperature, while residence time (for a given
hydraulic aperture and pressure gradient) will go down, due to a decrease in
dynamic viscosity, with increasing temperature. This temperature-dependent
behaviour can perhaps be captured in future modelling work by incorporating
the timescale of reaction, in addition to the timescale of transport, e.g. by
making use of appropriate Damköhler Numbers (Abdoulghafour et al., 2016;
Nogues et al., 2013).
4.4.4

Comparison with previous experiments
on cement-steel interfaces
Considering the apparently minor role played by CO2-induced steel-corrosion
reactions, the present experiments seem at odds with previous investigations
that address the cement-steel-CO2-brine system (Choi et al., 2013; Han et al.,
2012; Wolterbeek et al., 2013). Carey et al. (2010, 2009), for example,
conducted a high-flux core-flooding experiment using a CO2-brine (at T = 40 °C,
Pc = 28 MPa, Pf = 14 MPa). Their sample consisted of a J55-steel bar embedded
axially in a cement plug, with interfacial apertures ranging from 200 to 800 µm
in width. They observed precipitation of poorly crystalline mixtures of Fe/Cacarbonate dominated by corrosion products. Extensive corrosion scale also
developed in batch reaction experiments conducted by Wolterbeek et al. (2013)
on composite cement plus N80-steel samples, with interfacial aperture widths
of 50 to 350 µm, immersed in CO2-bearing fluids (T = 80 °C, Pf = 14 MPa). This
scale formed on the exposed cement surface, inhibiting cement reaction and
calcium carbonate precipitation (Wolterbeek et al., 2013).
Possible explanations for the comparatively minor role of corrosion scale
formation in the present experiments include the following. First, we used
different steel. Indeed, all the above studies employed different low-carbon
mild steels (here ST.35, versus J55 and N80 in op. cit.), the behaviour of which
in CO2-rich environments may differ. Second, the pre-test state of the steels
varied. In the present experiments, the steel tube surface was preconditioned
for a year during cement curing, potentially reducing reactivity. By contrast,
pristine steel plates were used by Wolterbeek et al. (2013), while Carey et al.
(2010, 2009) machined the steel bar to create interfacial apertures, creating
freshly exposed surfaces. Third, differences in experimental configuration and
(unconstrained) redox conditions may have affected the corrosion behaviour.
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Both Carey et al. (2010, 2009) and Wolterbeek et al. (2013) employed steel
components that were fully surrounded by CO2-bearing fluid. However, the
steel tubes used in the present experiments were exposed to the fluid only at
the internal wall. Since steel is a conductor, CO2-induced electrochemical
reactions (Dražić and Hao, 1982; Nešić, 2007) may therefore have produced
long-range transfer of electrons, e.g. between different chemical environments
along the flow-path or between the inside and outside of our tubes. Similar
phenomena can be expected in real well systems, where the casing steel
connects multiple formations bearing fluids of varying salinity and redox
conditions. Lastly, the hydrodynamical conditions in the present experiments
may have allowed for more effective protection of the steel by the cement (Choi
et al., 2013). This would be in line with the increased Fe concentrations
observed along debonding defects in proximal cross-sections of samples T60-1
and T80-2 (Figure 4.8). The cement at this location was extensively reacted
(Z1-Z2) and probably had lost its pH buffering capacity.
At present we cannot discriminate which of the above explanations is most
likely for the apparent unimportance of corrosion reactions in our experiments.
Moreover, given the variable results obtained in reaction experiments in
general, there are currently insufficient data available to constrain the effects of
corrosion scale formation on well system integrity in the field confidently.
Additional research into the detailed interface reactions is required, including
simulation of downhole electrochemical conditions and possible effects of longrange conduction.

4.4.5 Synthesis and implications for real well systems
The present permeametry and microstructural data suggest that progressive
saturation of CO2-bearing aqueous fluid, moving alongside defects in cementcasing interfaces, can lead to extensive downstream precipitation of calcium
carbonates, effectively sealing debonding defects 20-100 µm wide. However,
our data were obtained using pressure gradients ~10 times hydrostatic. If the
pressure gradients in leaking wells are lower, residence times will be
accordingly longer. With reference to Figure 4.11, the implication is that longrange reactive transport processes may significantly contribute to the selfsealing potential of cement-interfaces in well systems. However, the present
results and previous model work (Brunet et al., 2016; Cao et al., 2015;
Deremble et al., 2011) show that sealing due to reactive transport is strongly
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dependent on the hydraulic aperture of the defects concerned, highlighting the
long-recognized need for quantification of defect dimensions in real well
systems (for which current monitoring methods provide only limited
constraints). Nonetheless, for a good “cement job”, curing-induced debonding
apertures are estimated to be 10-20 µm in width (Dusseault et al., 2000).
Assuming our experimental conditions apply to real wells, such defects can be
expected to self-seal rapidly if CO2-rich fluid begins to leak along them.
Substantially larger defects may also show a reduction in permeability.
However, more work is required to assess the long-term behaviour of defects
that do not seal on experimental timescales. Noting that we observed limited
permeability decrease in samples T60-2 and T80-2, while the Brunet et al.
(2016) model predicts defect opening for these samples (Figure 4.11),
improved agreement between simulations and experiments can perhaps be
obtained by including the effects of elevated temperature and steel reactions in
future modelling formulations.
In addition, it should be noted that there are several factors that complicate
comparison of our experiments with downhole situations. Most importantly,
perhaps, is the nature of CO2 leakage, which might involve supercritical or even
gaseous CO2, partially saturated with water, rather than CO2-rich water. These
could lead to dry-out and shrinkage of the wellbore cement. Furthermore,
surface casing leakage of natural gas often displays a pulsing or periodic nature
(Jackson and Dusseault, 2014). If CO2 leakage were to occur in similar pulses
(cf. Kampman et al., 2012), the transiently high flow-rates may impact
chemical-hydrodynamic coupling in an unanticipated manner. This necessitates
additional experiments investigating the effects of “bursts” of CO2-bearing fluid
on the self-sealing potential of cement-interface defects in well systems.

Further work is also needed to assess the impact of competition between
sealing due to chemical reaction and possible reopening due to accompanying
geomechanical effects. Local reduction in permeability will inevitably produce
localisation of the fluid pressure gradient, i.e. lead to fluid pressure increase
upstream and decrease downstream of the low permeability region. Since
interfacial defects and fractures are generally pressure dependent (e.g.
Bernabe, 1986), readjustment of the fluid pressure gradient may lead to
reopening of defects, e.g. via a hydraulic fracturing mechanism (Lecampion et
al., 2013, 2011). Such phenomena may also explain transient increases in
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permeability observed in the present experiments after the US pump pressure
was increased (Figure 4.2), for this will similarly lead to a readjustment of the
fluid pressure gradient along the cement-filled steel tube.

4.5 Conclusions

The aim of the present study was to investigate the effects of long-range
reactive transport processes on the sealing-potential of CO2-induced reactions
in debonding defects at well casing-cement interfaces. To this end, we
performed four reactive flow-through experiments on 1 to 6 m sections of
simulated debonded cement-steel interface. The four samples were prepared
by casting cement into (coiled) steel tubes (length 1.2–6.0 m, inner diameter 6–
8 mm), which were pressurized after cement curing, causing the steel tube to
deform permanently and to lift off the cement, creating debonded cement-steel
interfaces. The experiments were performed using constant pressure
differences in the range 0.12–4.6 MPa, temperatures of 60/80 °C, and fluid
pressures of 10–15 MPa, continuously measuring the fluid flow-rate. Following
experiment termination, the samples were sectioned at regularly spaced
downstream intervals and subjected to microstructural and mineralogical
analyses, using optical and scanning electron microscopy, X-ray diffraction
analysis, micro-X-ray fluorescence spectroscopy and thermo-gravimetric
analysis. The main findings can be summarized as follows:
1.

2.

During initial, water-based permeability measurement, all four coiled
samples showed stable apparent sample permeabilities ranging from
1.0·10-13 to 3.3·10-12 m2. Upon reactive flow-through with CO2-bearing
aqueous fluid, significant reduction in sample permeability occurred
within about three days of measurement. The largest decreases
occurred in two coiled samples having debonding apertures <100 μm,
where permeability dropped ~4 orders. The permeability decrease in
the remaining two samples, which contained debonding defects 100300 μm wide, was 2-3 orders.
Microstructural observations showed extensive cement alteration
close to the upstream fluid inlet, with reaction zonation developed in
accordance with that documented in the literature. However, the
extent of cement alteration diminished steadily with downstream
distance from the CO2 source, with extensively altered, depletedcement zones being absent beyond about 30 cm downstream. At the
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3.

4.

same time, extensive precipitation of calcium carbonate (aragonite,
calcite and vaterite) occurred, especially downstream, obstructing
considerable portions of the open apertures at the debonded cementsteel interfaces. These observations were substantiated by the XRD,
µXRF and TGA results, which also showed dissolution-dominated
cement alteration upstream and extensive precipitation further
downstream. Steel corrosion reactions were very limited and played
little or no direct role in the experiments.
Combining these observations, we conclude that the observed
permeability reduction is related to the build-up of high Ca2+ and
(bi)carbonate ion concentrations in the CO2-bearing fluid, as it moves
alongside the cement exposed at the defect surfaces. This leads to
(super)saturated conditions with respect to calcium carbonate some
distance downstream of the CO2 source, resulting in precipitation in
the interfacial defects, thereby significantly decreasing permeability.
In this regard, our results imply that sealing of debonding defects at
casing-cement interfaces in real wells is aided by long-range reactive
transport, especially considering the length scale of cement seals in
field situations (typically 10s to 100s of meters). However, the present
results and previous modelling work also show that self-sealing is
strongly dependent on the hydraulic aperture of the defects involved.
Small apertures (10-20 µm) can likely be expected to seal. Substantially
larger defects may also show a reduction in permeability, but do not
necessarily attain an impermeable state, More work is needed to assess
the long-term behaviour of defects that do not seal on experimental
timescales. Further work is also needed on possible well leakage
involving transiently high, pulsing flow-rates, and on the potential
effects of long-range electrical conduction on electrochemical casing
corrosion.
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Appendix 4A: Permeameter benchmarking

Prior to the reactive flow-through experiments, the functionality of the
permeameter system was tested using a steel capillary tube, as a reference
sample (length 1.36 m, ID 600 μm, loosely coiled-up to fit in the thermobath).
The benchmark tests were performed at room temperature, using water, with
either both syringe pumps in pressure control mode, or with the US pump in
flow-rate control mode and the DS pump regulating back-pressure.

For flow in a capillary tube, the relation between ∆P [Pa], the pressure
difference acting across the tube, and Q [m3 s-1], the fluid flux through the tube,
should conform to the phenomenological Darcy-Weisbach equation (e.g. Brown,
2002; Papaevangelou et al., 2010), here written as:
∆P = f D ⋅

ρL  Q 
⋅

4R  π R 2 

2

(4.13)

where f D denotes the Darcy friction factor [-] and ρ is the water density [kg m-

while R and L denote the inner radius [m] and length [m] of the capillary
tube, respectively. For the laminar flow-regime, the Darcy friction factor is
given by (e.g. Brown, 2002):
3],

fD =

64
Re

with

Re =

2ρ Q
πµ R

(4.14)

where Re denotes the Reynolds number for flow in a pipe [-] and µ the dynamic

viscosity of the fluid [Pa s]. Note that combining Equations 4.13 and 4.14 results
in the Hagen-Poiseuille equation for laminar pipe-flow (Hagen, 1839; Poiseuille,
1844; Sutera and Skalak, 1993). For the fully turbulent flow-regime, we
adopted the Blasius correlation (Blasius, 1913; Brown, 2002; Trinh, 2010):
f D ≈ 0.316Re−0.25

(4.15)
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which provides an easily implemented, yet adequate approximation for
relatively smooth-walled pipes.

Figure 4A: Fluid flux versus pressure difference data (grey and black crosses), obtained
during permeameter benchmark tests, performed using a capillary tube (length 1.36 m, ID
600 μm). Theoretical predictions for a capillary tube of these dimensions, made using the
Hagen-Poiseuille equation (laminar flow) and Blasius correlation (fully turbulent flow), are
also plotted. Dashed lines delineate these regimes, in terms of the Reynolds number (Re) of
flow in the capillary tube.

Figure 4A shows Q versus ∆P data for the capillary tube, as measured in the

permeameter system, and curves predicted for the laminar and turbulent flowregimes using Equations (4.13–4.15), using values of 1000 kg m-3 and 3·10-4 Pa
s for the density and dynamic viscosity of water. Our experimental data
correspond well with Hagen-Poiseuille flow for Re <550, a range similar to that
found by Celata et al. (2002), who observed laminar flow in capillary tubes (ID
130 μm) for Re <580. It should be noted that this linear range will be different

for the coiled samples. Applicability of Darcy permeability (Equation 4.1) was
therefore tested, for each sample, via pressure-step testing during initial water
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flow-through (not shown). During these measurements, all four cement-filled
steel tube samples showed laminar flow behaviour for the range of flow-rates
that were employed in the (reactive) flow-through experiments. Behaviour
corresponding with fully turbulent flow, estimated using the Blasius
correlation, was observed in the capillary tube at Re >2200 (Figure 4A).
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Reactive transport modelling
of CO2-rich fluid flow along
debonded wellbore interfaces

This chapter is based on a manuscript prepared by T.K.T. Wolterbeek and A. Raoof, to be
submitted to an appropriate journal in the near future.
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Abstract
Debonding defects and other voids present at the casing-cement and cementrock interfaces of wellbores constitute potential leakage pathways for CO2 from
geological storage systems. In order to assess wellbore integrity, it is essential
to understand how the transport properties of such pathways evolve when
penetrated by migrating CO2-rich fluids. While numerous experimental and
modelling studies have explored this problem at the decimetre length-scale, the
1-10-100 m scales relevant for real wellbores have been barely addressed. Our
group recently reported reactive flow-through lab experiments, performed on
the 1-6 m length-scale, to explore self-sealing. In the present study, we develop
a numerical model to explore reactive transport of CO2 in interfacial cementcasing defects on a similar scale. The modelling formulation adopted
incorporates fluid flow, advective and diffusive solute transport, and CO2cement chemical reactions, to represent the coupled reactive transport that
occurs in CO2-exposed wellbore defects. Reactions with wellbore steel are not
included. Our results show that the interplay between the dynamics of flow and
reactive solute transport strongly affects the downstream evolution of
interfacial defect apertures and the depth of chemical alteration into the
cement matrix. Local precipitation of calcium carbonate in initially open defects
initiates a decrease in flow rate, bringing about a transition from advectiondominated to diffusion-dominated reactive transport, which causes the
inflowing, CO2-rich, and hence acidic fluid front to become confined to the
upstream region of the model domain. We explored the effects of reaction
kinetics, the initial portlandite content of the cement, and the nature of the
carbonate reaction products, on the extent of cement alteration and system
permeability reduction. While the modelling results broadly reproduce longrange experimental observations on clogging and subsequent permeability
decrease, it is demonstrated that non-uniformity in the initial defect aperture
has a profound impact on self-sealing behaviour and system permeability
evolution on the metre scale. The implication is that future reactive transport
models and wellbore scale analyses must include defects with variable aperture
in order to obtain reliable upscaling relations.
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5.1 Introduction
Geological storage of CO2 offers a valuable option to help reduce anthropogenic
emissions (Holloway, 2001; IPCC, 2005; Szulczewski et al., 2012). One of the
key requirements for successful sequestration is that the CO2 remains confined
to the intended storage volume once injected (Hepple and Benson, 2005).
Wellbores are integral to any prospective geological storage system, necessary
to gain access to the subsurface formations. However, since wellbores perforate
the caprock, they concurrently may provide unintended conduits for CO2 to
migrate from the storage formation and leak into overlying aquifers or back to
the surface (Bachu and Watson, 2006; Celia and Bachu, 2003; Celia et al., 2009;
Gasda et al., 2004; Nogues et al., 2012; Whittaker et al., 2011; Zhang and Bachu,
2011). In conventional wellbore designs, steel casing and Portland-based
cement seals are typically employed to prevent such undesired leakage (Nelson
and Guillot, 2006). Unfortunately, these artificial barriers often suffer from
structural defects (Hofstee et al., 2008), created by inadequate wellbore
completion or abandonment procedures (Barclay et al., 2001; Dusseault et al.,
2000; Montgomery, 2006), or sustained from changes in temperature and
stress-state endured by the wellbore during field operations (Lecampion et al.,
2013; Mainguy et al., 2007; Orlic, 2009; Ravi et al., 2002). Possible leakage
pathways, thus incurred, include annular spaces along casing-cement and
cement-formation interfaces, and fractures or damaged zones in the cement
seals (Gasda et al., 2004). Understanding how the transport properties of such
defects evolve with the ingress of CO2-rich fluids is essential for a confident
assessment of wellbore sealing integrity (Carey, 2013).

There exists a large body of experimental work on the reactive-transport of
CO2-rich fluids in simulated wellbore defects (Abdoulghafour et al., 2013; Cao et
al., 2015, 2013; Carey et al., 2010, 2009; Connell et al., 2015; Han et al., 2012;
Huerta et al., 2016; Jung et al., 2014; Liteanu and Spiers, 2011; Luquot et al.,
2013; Newell and Carey, 2012; Ozyurtkan and Radonjic, 2014; Walsh et al.,
2014b; Wigand et al., 2009; Wolterbeek et al., 2013; Yalcinkaya et al., 2011).
These experiments yielded different results, varying from self-limitation to selfenhancement of the reactive flow (Carroll et al., 2016). In recent years, several
studies demonstrated that reactive-transport modelling can be a powerful tool
to help to explain the different experimental findings and explore the unifying
concepts (Abdoulghafour et al., 2016; Brunet et al., 2016; Cao et al., 2015).
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These process-based simulations showed that reactive sealing versus opening
behaviour in wellbore defects depends on factors such as residence time and
initial hydraulic aperture. While this provided key insight to understanding
laboratory scale behaviour, it should be noted that most of these reactivetransport models, similar to most experimental efforts, considered domains of
only tens of centimetres. Given the dimensions of real wellbore systems,
involving tens to hundreds of metres of cement, both experimental and
process-based modelling work should ideally be extended to much longer
length-scales, to improve confidence in upscaling to wellbore dimensions.

Our group recently reported reactive flow-through laboratory experiments
performed on a length-scale of several meters, exploring reactive transport of
CO2-rich fluid in simulated cement-casing interfaces (Wolterbeek et al., 2016b;
Chapter IV). In the present study, we attempt to contribute to the development
of a long-range reactive transport model based on the flow and transport
processes taking place at the local scale. The simulation results will be
compared to our long-range reactive flow-through experiments, as well as to
previous modelling studies, such as the works by Cao et al. (2015) and Brunet
et al. (2016). A typical characteristic of wellbore systems is the very large
wellbore dimeter to length ratio. This elongate aspect ratio enables use of
effective parameters for fluxes perpendicular to flow along the well-bore. To be
able to perform local-scale simulations for a long-range length-scale (i.e. 6
meters) we have applied effective parameters for reactive transport processes.
While the modelling results reasonably explain the behaviour seen in our longrange reactive flow-through experiments, they have shown a strong effect of
non-uniformity of the aperture of defects, an important aspect which has not
been explored before.

5.2 Background: what we know from lab experiments

5.2.1 CO2-induced chemical reactions
Experimental studies have long shown that casing steel and Portland-based
cements are susceptible to chemical alteration by CO2-rich fluids (Carey, 2013;
Choi et al., 2013; Nešić, 2007). As CO2 dissolves in the formation water, carbonic
acid forms and dissociates, leading to reduction in pH via

CO2 (aq ) + H2O (l ) ⇔ H2CO3 (aq ) ⇔ H+(aq ) + HCO3− (aq ) ⇔ 2H+(aq ) + CO32−(aq )
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Focusing on the major phases in cement, acidification prompts dissolution of
the portlandite (calcium hydroxide) and de-calcification of the calcium-silicatehydrate phases (C-S-H) present, leaving behind a poorly crystalline silicate
residue (Kutchko et al., 2007; Mason et al., 2013), via the reactions

Ca(OH)2 (s ) ⇒ Ca2(+aq ) + 2OH−(aq )

C-S-H (s ) ⇒ Ca2(+aq ) + OH−(aq ) + amSiO2 (s )

(4.17)

(4.18)

Various minor cement phases decompose similarly (Carey, 2013). The
reactions release Ca2+ into solution and buffer the fluid pH to more alkaline
values, thereby shifting the carbonic acid equilibria (Equation 4.16) towards
the right-hand side, producing (bi-)carbonate at the cost of dissolved CO2. This
generally leads to precipitation of calcium carbonate via (Kutchko et al., 2007;
Mason et al., 2013):

Ca2(+aq ) + CO32−(aq ) ⇔ CaCO3 (s)

(4.19)

The carbonates can re-dissolve, however, if the pH-buffering cement phases
become depleted, leaving only poorly crystalline alumino-silicates. Combined,
the reactions typically produce a sequence of alteration zones (Geloni et al.,
2011; Raoof et al., 2012), including: (Z1) an amorphous silicate-dominated zone
at the exposed surface, followed by (Z2) a calcium carbonate-rich zone, (Z3) a
narrow, densely carbonated front, (Z4) a zone with reduced portlandite
content, and finally (Z5) apparently unaltered cement (Barlet-Gouédard et al.,
2009; Kutchko et al., 2009, 2008, 2007; Mason et al., 2013).

5.2.2 Impact of reaction
While the reactions involved in CO2-induced cement alteration have been quite
well documented, our understanding of how they impact on the hydraulic and
mechanical properties of wellbore materials and their interfaces remains
comparatively limited. The manner in which alteration manifests under
diffusion-controlled conditions depends on the relative volume of CO2-bearing
fluid involved (Liteanu and Spiers, 2011). If the fluid-to-solid ratio is low, or
confined conditions are used, carbonate precipitation is generally favoured and
found to reduce porosity and permeability (Bachu and Bennion, 2009; Laudet
et al., 2011; Liteanu and Spiers, 2011), and increase mechanical strength
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(Chang and Chen, 2005; Liteanu et al., 2009; Takla et al., 2010; Wolterbeek et
al., 2016a). On the other hand, exposure to large volumes of CO2-rich fluids can
lead to extensive calcium-leaching, dissolution of carbonates, and degradation
of the cement’s material properties (Duguid and Scherer, 2010; Duguid et al.,
2011). The latter experiments are widely considered to be unrepresentative for
the caprock-intervals of properly sealed wellbores (Carey et al., 2007; Crow et
al., 2010). Here, reaction will progress slowly due to the low matrix
permeability of cement (10-21 to 10-17 m2 (Montgomery, 2006; Taylor, 1992)
and caprock lithologies (<10-18 (Armitage et al., 2011; Bennion and Bachu,
2008; Hangx et al., 2010b), thereby limiting the extent and impact of alteration
(Duguid, 2009). The situation may change considerably, however, if a wellbore
contains structural defects. The presence of fractures, annuli and other flaws
may, if these are interconnected, provide pathways for fluid flow (Gasda et al.,
2004; Jaeger et al., 2007). Under flow-through conditions, advective renewal of
CO2-rich fluid is expected to significantly enhance chemical alteration of cement
exposed to the conductive defect. This amplified reaction could either aggravate
or alleviate leakage (Carey, 2013).

5.2.3 Reactive-transport experiments
Various experimental studies have addressed the reactive-transport of CO2-rich
fluids in fractured cement (Abdoulghafour et al., 2013; Cao et al., 2015; Huerta
et al., 2016; Luquot et al., 2013; Ozyurtkan and Radonjic, 2014; Yalcinkaya et al.,
2011), cement-formation interfaces (Cao et al., 2013; Connell et al., 2015; Jung
et al., 2014; Newell and Carey, 2012; Walsh et al., 2014b; Wigand et al., 2009)
and casing-cement interfaces (Carey et al., 2010, 2009; Han et al., 2012;
Wolterbeek et al., 2013). The results varied with experimental conditions and
examples of self-limitation and of self-enhancement of the reactive flow have
both been documented (Carroll et al., 2016). Luquot et al. (2013) found that the
permeability evolution of cement fractures exposed to CO2-brine depends on
their initial hydraulic aperture ( w ) and magnitude of the flux imposed. In their
w = 2 μm and 13.6 μm samples (diameter 9 mm, length 18 mm), alteration

similar to Z2+Z3 developed parallel to the fracture planes. While this produced
sealing in the 2 μm sample, permeability of the 13.6 μm sample increased by
~50% and then plateaued. The w = 30 μm sample showed three alteration

zones (Z1-Z3), but no change in permeability, similar to what Huerta et al.
(2016) reported for fractures with w of 33 to 47 μm, reacted under similar
conditions. Cao et al. (2015) performed an experiment on a composite sample
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(diameter 3.72 cm, length 22.48 cm), consisting of three fractured cement cores
placed in series. During 190 h of flow-through, permeability (initially ~7.8∙10-13
m2; aperture varied, up to ~700 μm) decreased by ~50%, while the fracture
void volume decreased by ~16.4%. Huerta et al. (2016) also found that the
permeability of composite, fractured cement samples (diameter 2.54 cm, length
21.9 to 24.4 cm), with w of 3 to 17 μm, decreased during exposure to fixed

pressure difference conditions corresponding to initial CO2-brine flow rates of
up to 7.8 ml h-1. Cao et al. (2013) conducted a test on a cement-sandstone
composite, with large defects created by aerating N2 through the cement slurry
prior to setting, recording an eightfold increase in permeability in 8 days of
flow-through of CO2-brine. Connell et al. (2015) reported cement erosion in
experiments on cement-sandstone composites, where permeable sandstone
allowed effective renewal of CO2-rich fluid. Combined, the experimental results
have clearly demonstrated that parameters such as a) sample length, b) defect
aperture and geometry, c) driving force for transport (imposed pressure
difference or fluid flux) and d) inlet fluid chemistry all affect the permeability
evolution of defect pathways in wellbores.

5.2.4 Long-range reactive flow-through tests
The lab experiments discussed above made use of cement samples of a couple
of centimetres to decimetres in length. By contrast, the plugs and seals in real
wellbores typically involve tens to hundreds of metres of cement. This
considerably longer length facilitates the formation of long-range geochemical
gradients, regarded a key contributor to defect-sealing, namely by allowing
mineral precipitation downstream as a result of mineral dissolution at the
upstream part of the wellbore (Armitage et al., 2013; Deremble et al., 2011).
The importance of this length scale-effect has been widely recognized (Brunet
et al., 2016; Cao et al., 2015; Huerta et al., 2016), and a full, 1:1 scale wellbore
CO2 lab experiment is in a stage of preparation (Manceau et al., 2015). At
present, however, the only laboratory data available on reactive transport of
CO2-rich fluids in wellbore interfaces over lengths of several meters, are the
results recently reported by Wolterbeek et al. (2016b; Chapter IV). These
reactive flow-through experiments were performed on cement-filled steel
tubes, measuring 1.2 to 6.0 m in length and 6 to 8 mm in diameter. Debonding
defects (with varying aperture, locally up to ~700 μm) were imposed at the
steel-cement interface prior to flow-through testing. A total of four experiments
were performed, at 60-80 °C and mean fluid pressures of 10-15 MPa. Under
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constant pressure difference (0.12-4.8 MPa) conditions, corresponding to initial
flow rates of up to 68.6 ml h-1, the results showed decreases in apparent sample
permeability of 2 to 4 orders. Microstructural and mineralogical observations
revealed that the permeability decrease was associated with precipitation of
calcium carbonates within the defect aperture, possibly aided by migration of
fines. Unlike in other flow-through experiments (Carey et al., 2010, 2009),
casing corrosion products were found to play a minor role only (Chapter IV).

Figure 5.1: Key results obtained in experiment T60-1 of Wolterbeek et al. (2016b; Chapter
IV); a) Apparent sample permeability (κapp) of the cement-filled steel tube sample versus time,
where ΔP denotes the pressure difference applied across the sample; b) Apparent sample
permeability versus injected fluid volume. Zero run time and zero injected volume are taken
at the moment flow-through using CO2-bearing aqueous fluid was started. c) Profiles showing
change in Ca(OH)2 and CaCO3 content of the cement as a function of downstream distance
from the fluid inlet, data obtained from TGA analysis. Compositional change is defined here as
the difference between measured composition and that of unreacted reference material; d)
Typical cross-section through the reacted sample, showing the defect aperture at the cementsteel interface, and reaction zones Z1-Z5 present in the adjacent cement.

Figure 5.1 shows the key results obtained for a lab experiment at 60 °C using a
6 meter long, 6 mm inner diameter, cement-filled steel tube sample (see
experiment T60-1 of Wolterbeek et al. 2016b, Chapter IV). The initial apparent
permeability ( κ app ) with respect to water measured ~3.4∙10-13 m2 (Figure
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5.1a), corresponding to an initial hydraulic aperture ( w0 ) of ~18.3 μm (cf. Bird

et al., 2002), assuming a circumferential defect. Following introduction of CO2rich fluid (indicated by vertical dashed lines in Figures 5.1a,b), permeability
decreased steadily, lowering ~2 orders during the first ~60 h, during which
~65 ml of CO2-rich was injected (Figure 5.1b). Subsequently, the inlet pressure
difference was increased to 1.8 MPa and later to 4.8 MPa. Permeability
gradually decreased further, reaching a value of ~2.9∙10-17 m2 shortly prior to
experiment termination at 877 h. In total, ~25 ml of water and ~90 ml of CO2rich fluid were injected (Figure 5.1b). Figure 5.1c shows portlandite and
calcium carbonate content in the reacted sample, measured via
thermogravimetric analysis (TGA), plotted with respect to the composition of
the unreacted cement, as a function of distance from the CO2 inlet. The data
show a decrease in portlandite content, roughly mirrored by an increase in
calcium carbonate, most pronounced close to the inlet and observable up to a
distance of ~73 cm downstream (Figure 5.1c). Microchemical and
mineralogical analysis of cross-sections made of the cement-filled tube show
the development of reaction zones Z1-Z5 in the cement (Figure 5.1d; cf. Section
5.2.1). Microstructural analysis further revealed that the defect geometry in
sample T60-1 was variable, with debonding apertures of up to ~700 μm wide
occurring within 2 cm from the inlet (caused by sample preparation). Along the
remainder of the tube, the microstructural aperture averaged around ~60 μm.
See Chapter IV for a more complete description of the defect geometry of coiled
steel tube sample T60-1.

5.3 Present reactive transport model: approach

In this study, building on experiments, we developed a flow and reactive
transport model in order to investigate how the hydraulic conductance of
fractures in cement and debonding-apertures at wellbore material interfaces
evolves with the ingress of CO2-rich aqueous fluid, when length scales of several
metres are considered. A model with uniform debonding has been taken as the
reference case simulation. Building on this reference model, we first
systematically varied a) the reaction kinetics, b) initial portlandite content, and
c) the porosity and permeability of the defect-filling precipitates, in order to
explore the effect of these parameters. We subsequently investigated the effect
of defect geometry, by including more complex, non-uniform defects, marked
by initial apertures that varied in the along-flow (longitudinal) direction.
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Finally, the modelling results were compared to experiment T60-1 of
Wolterbeek et al. (2016b, Chapter IV, and Section 5.2.4) to identify effects and
parameters that may have contributed to the self-sealing of the cement-filled
steel tube samples in our reactive flow-through laboratory experiments.

In the following, we will first present the modelling formulations. The
remainder of this section contains detailed information on how transport and
chemical reaction are implemented, and provides values for the key
equilibrium and kinetic parameters together with the other relevant constant
parameters applied in this study.

5.3.1 Relevant processes
In accounting for the many laboratory observations discussed above, various
mechanisms have been invoked to explain the self-sealing behaviour of defects,
including a) precipitation of carbonates inside the defect aperture (Carey et al.,
2010; Huerta et al., 2016; Liteanu and Spiers, 2011; Luquot et al., 2013), b)
chemical-mechanical weakening of aperture-propping asperities (Mason et al.,
2013; Walsh et al., 2014a, 2014b), c) creation and migration of fines (Feia et al.,
2015; Newell and Carey, 2012), and d) CO2-induced swelling-effects in the
leached cement matrix (Abdoulghafour et al., 2013; Luquot et al., 2013). Our
model includes a multi-component, mixed equilibrium and kinetic, reaction
scheme (which will be discussed in detail in Section 5.3.5) to represent the
geochemistry. Using the model, we are able to explore CO2-induced carbonate
precipitation as a sealing mechanism, which was considered the main cause of
permeability reduction in our reactive flow-through experiments on 1 to 6 m
long, cement-filled steel tubes (Wolterbeek et al., 2016b; Chapter IV). The
simulations do not include chemical-mechanical effects, such as the other three
sealing mechanisms mentioned above, nor do they include effects due to
changes in the internal fluid pressure distribution.
5.3.2 Model configuration
The cement-filled steel tube sample of Wolterbeek et al. (2016b; Chapter IV)
that we will simulate is 6 m long and has an inner radius of 3 mm. For such a
long and narrow system (i.e. significant aspect ratio), the governing flow and
transport equations may be considered as one-dimensional through the length
of the sample. Mass transfer perpendicular to the flow direction, for example
from within the cement matrix into the debonding defect at the cement-steel
interface, can be considered by use of effective parameters (cf. Deremble et al.,
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2011). In the model, the sample is discretized into a series of cylindrical
segments, as illustrated in Figure 5.2. Each segment, of length  [m], is initially

characterized by two radii, namely the inner radius of the steel tube ( Rsteel [m])

and the radius of the cement core residing inside ( Rcement [m]). For this simple
geometry, the initial hydraulic aperture of the debonding defect at the steel-

w0 Rsteel − Rcement (Figure 5.3a). The region
cement interface ( w [m]) is given by =
r ≤ Rcement is occupied by cement, consisting of both reactive and (relatively)

inert phases. Unreacted cement is assumed to be impermeable compared to the
defect. The parameter f P0 [-] indicates the initial volume fraction of

homogeneously distributed portlandite in the cement phase. Accordingly, the
2
.
initial volume of portlandite present in each segment is VP0 = f P0π Rcement

Figure 5.2: Schematic illustration of the model domain, discretizing the sample into
cylindrical segments. Domain of N = 1000 segments, each of length ℓ and radius Rsteel, and
having a cement core of radius Rcement.

5.3.2.1 Fluid phase: initial and boundary conditions
At the inlet boundary of the model domain, the concentrations of chemical
components in the solution phase are maintained in equilibrium with a

constant CO2 molar concentration, while the boundary r = Rsteel is assigned as
zero mass flux. This set of boundary conditions corresponds with the situation
where CO2-bearing aqueous fluid is permeating a “wellbore system” consisting
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of a cement plug, which resides inside a steel tube, in the presence of a radially
symmetric debonding defect. The initial concentrations of aqueous species in
the model domain are considered to be in equilibrium with portlandite,
producing a highly alkaline solution phase.

5.3.2.2 Solid phase: allowing for effects of chemical zonation
During the simulations, i.e. as reaction proceeds, cement phases can dissolve
and calcium carbonates can precipitate and re-dissolve. These chemical
reactions may produce porous structures that are permeable to flow.
Portlandite dissolving out of the cement matrix leaves behind porous alteration
zones (see zones Z1-Z5 described Section 5.2.1). At the same time, calcium
carbonate encrustations may produce porous structures growing on the
cement surface, thereby partially or completely filling the initial debonding
defect. Accordingly, porous, permeable zones may develop both inside (as
cement alteration) and outside (as carbonate encrustation) the original cement

volume defined by Rcement . Creation of these porous regions was implemented in

the model by introducing three additional characteristic radii. The first is
RPCC (t ) [m], indicating the radius of a cement core that, at a given moment in

time, is not yet affected by CO2-induced reactions, and contains portlandite
(PCC = “Portlandite Containing Cement”; Figure 5.3b). The other two
characteristic radii are Rinner (t ) and Router (t ) [m], respectively defining the inner

and outer radius of the aforementioned porous zones. In our modelling
formulation, the porous materials are considered permeable with matrix
permeability κ porous [m2]. Accordingly, for this partially reacted state, fluid flow

may occur both through the debonding defect, which now has a hydraulic
aperture of=
w Rsteel − Router [m], and through the newly-formed porous phase,

bounded by Rinner and Router . Initially, i.e. before any reaction takes place, RPCC ,
Rinner and Router are all equal to Rcement . To reflect the impact of dissolution and

precipitation, the radii are calculated and updated each time step. For each
segment, RPCC (t ) depends on the extent of reaction for portlandite dissolution.

Assuming that the portlandite-depleted cement is separated from the

unreacted cement by a sharp reaction front (Figure 5.3b), RPCC
=

1 − ξ P Rcement ,

where ξ P [-] is the extent of portlandite dissolution in the segment volume.
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During precipitation, we assume that calcium carbonates first fill the pore space
created by portlandite dissolution in the leached cement matrix and the excess
amount of calcium carbonate precipitates on top of the cement (i.e., inside the
debonding defect) as a porous layer. Accordingly, the values of Rinner and Router in

each segment depend on the net volume of precipitated calcium carbonate
relative to the total volume of dissolved portlandite in the segment.

Figure 5.3: Schematic illustration of the radial reaction zonation and formation of porous
zones within the cement and inside the defect aperture. a) Initial condition, before chemical
reaction; b) After portlandite dissolves, a porous zone forms within the cement; c) Porous
zone partially filled with calcium carbonates; d) Situation where more calcium carbonate
precipitated than portlandite dissolved, leading to the formation of a porous precipitate
outside of the cement, partially filling the defect, thus reducing its aperture.

We first describe the situation where the precipitated volume of calcium
carbonate is smaller than the pore space made available within the cement due
to the portlandite dissolution (Figure 5.3c). Here, all calcium carbonate will
reside in the pore space created by dissolved portlandite. Hence, the aperture
of the open debonding defect remains unchanged and the outer radius of the

porous structure will be the surface of the leached cement, i.e. Router = Rcement .
Considering
Rinner =

a

sharp

radial

zonation

(Figure

5.3c),

we

take

(VP + VC ) / ( f P0π  ) , where VP and VC [m3] are the volumes of portlandite

and calcium carbonate present in the segment, respectively. As calcium
carbonate precipitates and fills porosity within the leached cement matrix
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previously created by portlandite dissolution, this largely restores the original

barrier function, and therefore we treat the region in between RPCC and Rinner as

impermeable. Conversely, as already indicated, the region bounded by Rinner and
Router is assigned a matrix permeability, κ porous [m2]. Note that, if there is no

calcium carbonate in the segment ( VC = 0 ), then Rinner = RPCC via ξ P = 1 − VP / VP0 .

Let us now consider the situation where the volume of precipitated calcium
carbonates is larger than the volume of dissolved portlandite (Figure 5.3d). In
this case, all porosity generated by portlandite dissolution will be filled by
calcium carbonate, and no porous, permeable zone develops inside of the
leached cement (i.e. Rinner = Rcement ). The calcium carbonate present in excess of

the volume liberated by portlandite dissolution forms a porous precipitate,
with porosity ϕCP [-] and matrix permeability κ porous [m2], at the surface of the

cement, i.e. inside the debonding defect. Under these conditions, the radius of
the precipitate exceeds the original radius of the cement, providing

=
Router

2
Rcement
+ (VC − ξ PVP0 ) / (π (1 − ϕCP )) (Figure 5.3d). The requirement that

Router ≤ Rsteel has been met using formulations presented in Raoof et al. (2012).

5.3.3

Simulating flow and transport

5.3.3.1 Flow simulation
To obtain the permeability evolution of the “well system” with ingress of CO2rich fluid, we establish flow due to a pressure gradient across the model
domain. This is done by applying a constant pressure difference ( ∆P [Pa])
between the inlet and outlet boundaries. We assume the flux of fluid through
each cylindrical segment ( Q [m3 s-1]) can be described by
∆P
∂P
−K
=
Q=
K segment
∂x


(4.20)

where K [m4 Pa-1 s-1] is the conductance of the segment, and ∆Psegment [Pa] is the

pressure difference acting across each individual segment. Note that
∆P = ∑ ∆Psegment . Equation 4.20 is valid for flow over a wide range of Reynolds

numbers and assumed appropriate for describing fluid flow in the model
segments.
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The cross-sections perpendicular to the flow direction essentially consist of
three sub-regions, namely a) an impermeable solid phase (unreacted cement;
0 ≤ r ≤ Rinner ), b) a zone made up of porous/permeable solids ( Rinner ≤ r ≤ Router ),

and c) the open debonding defect ( Router ≤ r ≤ Rsteel ). To obtain the effective

segment conductance, we evaluate the contribution of each sub-region to the
total fluid flux. Obviously, there is no contribution from the impermeable zone.
For the volumetric flow rate that goes through the matrix of the permeable
solid phase, Qporous [m3 s-1], we assume Darcy-type flow

Qporous = −

2
2
κ porousπ ( Router
− Rinner
) ∂P
µ
∂x

(4.21)

where µ [Pa s] denotes the dynamic viscosity of the solution phase, P [Pa] is

fluid pressure and x [m] the axial coordinate. Thus, the average axial flow
velocity within the solid matrix, uporous [m s-1], is given by
uporous = −

κ porous ∂P
µ ∂x

(4.22)

Concerning the fluid flow through the open debonding defect, we start with the
Navier-Stokes equation for incompressible fluid, in absence of external forces.
Assuming radial symmetry, and taking radial and swirl components of the flow
to be zero, fully developed flow can be described by

1 ∂P

µ ∂x

=

1 ∂  ∂ugap 
r
r ∂r  ∂r 

(4.23)

where ugap (r ) [m s-1] is the axial flow velocity, and r [m] and x [m] are the radial

and axial cylindrical coordinates. To couple the porous media flow and free
flow within the debonding defect, we assume ugap = uporous at the solid-defect
interface ( r = Router ), and a no-slip condition at the inner wall of the model tube

( r = Rsteel ) to obtain (cf. Bird et al., 2002):
ugap =

ln ( r / Rsteel ) 
1 ∂P  2
2
2
2
 Rsteel − r + ( Rsteel − Router − 4κ porous )

ln ( Router / Rsteel ) 
4µ ∂x 

(4.24)
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The corresponding volumetric fluid flux through the debonding aperture, Qgap

[m3 s-1], can be obtained by integration over the cross-sectional area of the
debonding defect. We combine this result with Equation 4.21 to obtain the total
flux and to calculate the effective conductance of a segment:
4
4
2
 Rsteel

− Router
− 8κ porous Router

π 
2
2
K= −
− Router
Rsteel


2
2
8µ  K ( Rsteel
− Router − 4κ porous )
ln
R
R
/
( outer steel ) 


(4.25)

Combining Equations 4.20 and 4.25, we have an expression for the total
volumetric flow ( Qtotal ) through a segment. Assuming incompressible flow, and

ignoring small changes in fluid volume related to chemical reaction (e.g.
Matschei and Glasser, 2007), the continuity equation requires the inflow to be
equal to the outflow for any individual segment. This condition can be applied
to each segment resulting in a linear system of equations with a sparse,
symmetric and positive-definitive coefficient matrix, to be solved to obtain the
pressure distribution throughout the domain (Raoof et al., 2010). Having the
pressure values calculated, flow velocity in any segment can be calculated using
Equations 4.22 and 4.24.

5.3.3.2 Solute transport along the well system
To simulate transport of solutes along the sample axis, i.e. between segments,
average concentrations of dissolved species for the solution phase in the defect
are obtained for each segment. The chemical components are transported by
advection with the moving fluid along the streamlines. Aqueous species are at
the same time subject to molecular diffusion due to Brownian motion, thus
allowing them to change concentrations at the upstream points of the
concentration front. Calculations were carried out by considering each segment
as a control volume. We used a backward Euler scheme for the temporal
discretisation and first-order upwind and central schemes for spatial
discretisation of the advection and diffusion terms, respectively (Raoof et al.,
2013).
The mass balance for chemical component a in segment i may be written as
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Vi

dca ,i
 ca ,i −1 − ca ,i ca ,i +1 − ca ,i 
+
=
Qtotal ,i ( ca ,i −1 − ca ,i ) + D0 Ai 
−R
li ,i +1  a ,i
dt
 li ,i −1

(4.26)

Here, ca ,i and ca ,i −1 are the concentrations of aqueous species a in segment i

and the upstream segment i − 1 , respectively, D0 is the diffusion coefficient, Ai

denotes cross-sectional area open to flow, while li ,i −1 and li ,i +1 are the distances

between the centre of segment i and the centres of the segments upstream and
downstream of segment i , respectively. The term Ra ,i represents changes in
concentration due to the occurrence of chemical reactions involving species a

within the segment.

Equation 4.26 is solved using a sequential, non-iterative approach (Steefel and
MacQuarrie, 1996). For each time step, this involves first solving the transport
part (i.e. without considering the reaction source/sink term) using a fully
implicit method (Raoof et al., 2013), and then solving the reaction term
(Aguilera et al., 2005; Xu et al., 1999). As precipitation and dissolution change
the velocity as well as the volume of the void space in the segments, for
accuracy of the scheme, the time step was adjusted dynamically and chosen on
the basis of solute residence times:

∆t ≤ min{Ti }

where Ti denote residence times belonging to segment i .

(4.27)

5.3.4 Calculation of selected domain-scale properties
In order to facilitate eventual comparison of the modelling results with the
experimental data for sample T60-1 of Wolterbeek et al. (2016b; Chapter IV),
represented in Figure 5.1, we additionally determined a number of “samplescale”, i.e. integrated, model domain-scale properties. First, we calculated the

injected fluid volume by integrating the fluid flux ( Qtotal ) over time. The
apparent permeability of the sample ( κ app ) was calculated using (e.g. Guéguen
and Palciauskas, 1994):

κ app =

µQtotal L
2
π Rsteel
∆P

(4.28)
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where µ [s] is the dynamic viscosity of the fluid, Qtotal [m3 s-1] is the total flux,

Rsteel [m] and L [m] are the radius and length of the steel tube, while ∆P [Pa]

denotes the pressure difference imposed across the inlet and outlet boundaries
of the model domain. Finally, initial residence time ( τ 0 ) was calculated as

τ0 =

0
Qtotal
0
Vdefect

(4.29)

0
2
2
where Vdefect
 is the initial void volume of the debonding
= ∑ π ( Rsteel
− Rcement
,i ) i

defect.
5.3.5

Reactions and rate laws

5.3.5.1 Rationale for a simplified cement chemistry
Considering the main reactions involved (Equations 4.16 to 4.19), portlandite
and the C-S-H phases should ideally both be included in the model. However,
due to the complex and poorly structured nature of C-S-H, it is challenging to
obtain representative chemical data for CO2-induced alteration of these phases.
Following the approach taken by Raoof et al. (2012), we therefore limit the
included cement phases to portlandite, while implementing all calcium
carbonates as calcite. Such a major simplification is permissible, as was argued
by Raoof et al. (2012), bearing in mind that the relative solid volume changes,
associated with the carbonation of portlandite and the conversion of C-S-H into
amorphous silica and calcium carbonate, are similar and thus may be expected
to have a comparable impact on porosity generation or the widening of defects,
and hence permeability evolution. Moreover, C-S-H is reacts very slowly
compared to portlandite, causing the latter to dominate reaction on timescales
of days (Brunet et al., 2016). As such, the simplified reaction scheme may,
although leaving the cement chemistry incomplete, nonetheless provide
valuable understanding of the coupling between reaction and transport. The
CO2-induced steel corrosion reactions have been omitted, as in the experiments
of Wolterbeek et al. (2016b; Chapter IV) these were found to have played only a
minor role.
The reaction scheme accordingly consists of eight reactions (Table 5.1). Those
involving only aqueous species are treated as equilibrium reactions, while
dissolution of portlandite and dissolution-precipitation of calcium carbonate
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are both incorporated as kinetic processes, the details of which are presented
below. Temperature-corrected values for the equilibrium constants were
obtained using the Van ‘t Hoff equation and the enthalpy of reaction data
presented in Table 5.1.
Table 5.1: Thermodynamic and kinetic properties at 298.15 K
No.

Reaction

K
[-]

1

H2O = H+ + OH-

1.007∙10-14 a

4

HCO3- = H+ + CO32-

4.688∙10-11 b

2
3
5
6
7
8

CO2 = H2CO3
H2CO3 =
Ca2+ +

H+ +

HCO3-

HCO3-

=

CaHCO3+

Ca2+ + OH- = CaOH+

Ca(OH)2 = Ca2+ + 2OHCaCO3 = Ca2+ + CO32-

ΔH0
[kJ mol-1]

3.390∙10-2 b

-20.37 c

10.0 b

25.82 d

4.446∙10-7 b
19.95 b

5.020∙10-6 a
3.360∙10-9 a

k
[mol m-2 s-1]

Ea
[kJ mol-1]

5.5∙10-4 f

75 h

7.7 c

14.9 c

7.23 e

-16.94 a
-10.63 a

(1): 8.9∙10-1 g
(2): 5.0∙10-4 g
(3): 6.5∙10-7 g

(1): 8.4 i
(2): 41.8 i
(3): 33,1 i

from Haynes (2014), b from Koutsoukos and Kontoyannis (1984), c from Benjamin (2002),
calculated from data at 50 °C (Jacobson and Langmuir, 1974), e calculated from data at 50 °C
(Bates et al., 1959), f from Giles et al. (1993), g from Chou et al. (1989), h from Tadros et al.
(1976), i from Plummer et al. (1978).
a

d

5.3.5.2

Implementation of portlandite dissolution

Within each segment, a specified volume fraction of portlandite, f P0 [-], is

distributed homogeneously throughout the cement phase ( r ≤ Rcement ), at the

start of the simulation. As such, some portlandite will be at the surface of the
cement, i.e. directly exposed to the fluid phase in the debonding defect.
Considering such short transport distances, the initial rate of portlandite
dissolution [mol s-1] will be controlled by surface reaction kinetics (Lasaga,
2014). Following Raoof et al. (2012), this rate-dependence is implemented
using a transition state theory rate law, based on the reaction mechanism
suggested by Giles et al. (1993) and Wang et al. (1998):
2

a − 
a
Rate = kP AP  1 − Ca2K ( O( ) 


K Peq



(4.30)
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where AP [m2] is the reactive surface area of portlandite, kP [mol m-2 s-1] is an

experimentally determined rate constant, aCa2+ and aOH − [-] are the activities of

the subscripted species, and K Peq [-] is the solubility product for portlandite
(Table 5.1). In using Equation 4.30, the reactive surface area is assumed
proportional to the volume fraction of portlandite and the cylindrical surface
area of the solid ( A [m2]) via:
0
0
AP α=
P ( 1 − ξ P ) f P ( 2π Rcement  ) α P ( 1 − ξ P ) f P A

(4.31)

where α P [-] is a constant accounting for surface roughness and specific surface

area, and ξ P [-] denotes the extent of reaction for portlandite dissolution in the

segment. Following Raoof et al. (2012), the value for kP at temperature is
calculated assuming an Arrhenius-type relation, using the kP at 25 °C obtained

from rotating disk-type dissolution experiments (Giles et al., 1993; Wang et al.,
1998) and the apparent activation energy associated with portlandite
precipitation (Tadros et al., 1976) – see Table 5.1.

The above is taken to be representative for the dissolution of portlandite
directly exposed to fluids in the debonding defect. However, as reaction
proceeds, and portlandite becomes depleted near the defect surface, the
reaction front migrates into the cement matrix (Geloni et al., 2011).
Consequently, the rate at which Ca2+ and OH- are released will, at some point,
become limited by the rate of transport through the matrix (Raoof et al., 2012).
To take this effect into account, we have formulated an effective reaction rate
constant that incorporates textural effects (Lasaga, 2014), based on a simple
diffusion process, defined as follows.
Figure 5.4 shows a radial section through one of the cylindrical segments,

where portlandite is present in the solid phase up to radius RPCC (Portlandite
Containing Cement), shown in grey. If transport controls dissolution, then the
concentration of ionic species in the pore fluid in this part of the porous solid (
r ≤ RPCC ) equals the equilibrium concentration, denoted C Peq [mol m-3], as local

portlandite will buffer the fluid composition (assumed to be stoichiometric)
effectively under transport-controlled conditions. In the range RPCC < r < Rcement ,

shown in orange in Figure 5.4, portlandite has been completely dissolved away,
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removing this buffer capacity. Consequently, the concentration of ionic species
in the pore fluid in this part of the porous solid will be a function of diffusional
transport and interaction with the fluid phase present in the debonding defect,
denoted by C Pgap [mol m-3] (Figure 5.4).

Figure 5.4: Simplified, diffusion-controlled portlandite dissolution model, with graphical
comparison of the numerical results for the different pre-factors in Equations 4.32 and 4.33.

Under these conditions, the effective rate of reaction between the cement and
the fluid in the debonding defect depends on the mass transfer rate at the
cement-defect interface ( r = Rcement ). This rate is assessed using the analytical

solution for a hollow cylinder of inner radius RPCC and outer radius Rcement , which

are kept at concentrations C Peq and C Pgap , respectively. For these boundary
conditions, the flux of ionic species, ∆m ∆t [mol m-2 s-1], that diffuses through

unit area of the outer surface ( r = Rcement ) under steady state diffusion, is given

by Crank (1975). Assuming ideal solution behaviour, Crank’s solution may be
written in the form:
2

D C eq
∆m
1
a (a − ) 
= − app P
 1 − Ca2K O( 

∆t
Rcement ln(Rcement / RPCC ) 
K Peq


(4.32)
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where Dapp [m2 s-1] is an apparent diffusion coefficient, representative for

reaction and transport through the porous solid, and C Peq [mol m-3] is the

equilibrium molar concentration of dissolved portlandite in the pore fluid.
Recalling that RPCC relates to the extent of reaction via RPCC
=

1 − ξ P Rcement , we

assume steady state behaviour in the period of each time-step and recalculate
RPCC to calculate the progressive retreat of the reaction front into the cement.

As shown in Figure 5.4, the evolution of the effective reaction rate can be
approximated using an effective rate equation of the form:
2

DappCeq 2 1 − ξ P
aCa2K ( aO(− ) 
Rate =
Acement  1 −



Rcement
ξP
K Peq



(4.33)

The advantage of using Equation 4.33, rather than direct usage of Equation 4.32
, is that this form tends towards zero faster for ξ P very close to 1, i.e. near-

complete dissolution of portlandite. We consider this more representative than
the hollow cylinder solution, which assumes the fluid phase inside the cement
to be perfectly buffered to C Peq at r = RPCC , and gives a non-zero rate, regardless
of how little portlandite is left, even when RPCC = 0 .

From the above, we have two expressions for the rate of portlandite
dissolution. Equations 4.30 and 4.31 define the surface reaction-controlled
dissolution kinetics, while Equation 4.33 employs an effective reaction rate
constant (Lasaga, 2014) to simulate the transport-controlled kinetics that come
into play as the reaction front proceeds into the cement matrix. At any given
time, the slowest of these processes will be rate-controlling. Accordingly, we
have implemented the dissolution of portlandite in the simulations as follows:
2
 a
a − 
Rate = kPeff  1 − Ca2K ( O( ) 


K Peq



(4.34)

with

D C eq 2 1 − ξ P


kPeff = min kP AP , app P
Acement 
Rcement
ξP
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5.3.5.3

Implementation of calcium carbonate
precipitation and re-dissolution
The dissolution and precipitation behaviour of calcite has been extensively
studied (e.g. Chou et al., 1989; Plummer et al., 1978; Pokrovsky et al., 2009,
2005). In our model, the kinetics of precipitation and re-dissolution of calcium
carbonate are implemented, following Li et al. (2008) and Raoof et al. (2012),
using a transition state theory rate law, based on the three parallel reaction
paths identified by Plummer et al. (1978) and Chou et al. (1989):

 a 2K a 2−
k2a CO∗ k3  1 − Ca CO3
Rate = AC k1a((
K KK
2
3

K Ceq


(

)





(4.36)

Here, AC [m2] is the reactive surface area of calcite, k1 , k2 and k3 [mol m-2 s-1] are

experimentally determined rate constants, aH + , aH CO∗ and aCa2+ [-] denote the
eq
C

2

3

activities of the subscripted species, and K [-] is the solubility product for

calcite (Table 5.1). Following Raoof et al. (2012), values for k1 , k2 and k3 are

calculated assuming an Arrhenius type relation, using the values at 25 °C from
Chou et al. (1989) and the apparent activation energies for the three parallel
reactions provided by Plummer et al. (1978) – see Table 5.1. The reactive
surface area is approximated using AC = α C Asolid for both precipitation and re-

dissolution, where α C [-] is a constant to account for surface roughness and

specific surface area. This corresponds roughly to assuming that calcium
carbonates precipitate via heterogeneous nucleation.
5.3.6

Parameter values and boundary conditions
for the reference case simulation
In establishing the reference case model, parameters and boundary conditions
were chosen to correspond with experiment T60-1 of Wolterbeek et al. (2016b;
Chapter IV) – see Section 5.2.4. Accordingly, the model domain consisted of N =
1000 segments, each with Rsteel = 3 mm and  = 6 mm, to reflect the 6 m long,

cement-filled steel tube used in the laboratory test. The temperature and
applied pressure difference ( ∆P ) in the simulation were 60 °C and 0.6 MPa,
matching the experimental boundary conditions. In keeping with Wolterbeek et
al. (2016b; Chapter IV), we took µ = 4.84∙10-4 Pa s, corresponding to the

dynamic viscosity of a 0.3 M NaCl solution at 60 °C and 10 MPa fluid pressure
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(Mao and Duan, 2009), chosen to mimic the ionic strength of a typical cement
pore fluid (Andersson et al., 1989; Rothstein et al., 2002). To keep the reference
case model well defined, we employed an average (uniform) defect geometry,
characterized by a constant initial hydraulic aperture ( w0 ) of 18.3 μm. This

value was chosen to ensure the initial apparent Darcy permeability of the
model domain would correspond to that of the steel tube sample used in
experiment T60-1 (Figure 5.1a) of Wolterbeek et al. (2016b; Chapter IV). This
0
) in the simulation will be comparable to that
way, the initial fluid flux ( Qtotal

registered in the experiment. It should be noted, however, that the actual defect
geometry of sample T60-1 was much more complex (Wolterbeek et al., 2016b;
Chapter IV).

We estimated κ porous = 10-15 m2 for the permeability of the porous solid, and used

ϕCP = 30% to calculate the volume of the defect-filling carbonate precipitates.

Equilibrium and kinetic constants for 60 °C were used, in accordance with the
data provided in Table 5.1. Based on calculations employing a radial interaction
depth of ~3 μm and a portlandite specific surface area of 16.5 m2 g-1 (Marty et

al., 2009), we took α P = 100. The same value was used for α C . For the initial
volume fraction of portlandite in the cement, we assumed a typical

composition, with f P0 = 20 vol% (Taylor, 1992). Lastly, for the effective rate of

portlandite dissolution within the cement matrix (see Equation 4.32), we used a
simple diffusion model with an apparent diffusion coefficient ( Dapp ). The

growth of CO2-induced alteration zones (Z1-Z5) is often found to approximately
scale with the square root of time (Duguid, 2009; Liteanu and Spiers, 2011).
However, the reaction rate observed in these laboratory experiments is higher
than what would be obtained by using simple diffusion models (Walsh et al.,
2014b). This so-called “super-diffusive” behaviour has been attributed to
strong concentration gradients and local conversion of sourced reactants,
effectively reducing the distance over which materials need to diffuse to react
(Abdoulghafour et al., 2016). Accordingly, we took Dapp = α SD Deff , where Deff [m2
s-1] is the effective diffusion coefficient for diffusion of aqueous species through

the cement matrix, while the parameter α SD [-] accounts for super-diffusivity of

the CO2 reactions. As reference value for Deff we used 10-10 m2 s-1 at 60 °C, based
on temperature-dependent effective diffusion data for Na+ and Cl- in unreacted
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cement (Taylor, 1992, p. 274). Considering α SD , Abdoulghafour et al. (2016)

modelled the formation of CO2-induced alteration zones in cement and found
that the apparent diffusion coefficient ( Dapp ) describing their growth with time

was 26 times higher than the effective diffusion coefficient ( Deff ) used in the

model for solute species in the pore fluid. Here, we used α SD = 10 for the

reference case simulation, and later varied this value between 1 and 100 to
explore its sensitivity. It should be noted that the “super-diffusive” behaviour
could alternatively be interpreted in terms of uncertainty in the properties of
the altered cement matrix, such as a reduction in tortuosity.
Table 5.2: Overview of the figured simulations
Simulation

w0

[μm]

𝜿𝜿𝟎𝟎𝒂𝒂𝒂𝒂𝒂𝒂
[m2]

𝑽𝑽𝟎𝟎𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅
[m3]

τ0

[min]

Reference case simulation

Case RF (46)
18.3
3.4∙10-13
Effect of reaction rate

2.06

~17.3

𝒇𝒇𝟎𝟎𝒑𝒑

[v%]

20

Case 01 (18)
18.3
3.4∙10-13
2.06
~17.3 20
Case 02 (33)
18.3
3.4∙10-13
2.06
~17.3 20
Effect of initial portlandite content
Case 03 (47)
18.3
3.4∙10-13
2.06
~17.3 30
Case 04 (48)
18.3
3.4∙10-13
2.06
~17.3 40
Effects of the nature of the porous reaction products
Case 05 (49)
18.3
3.4∙10-13
2.06
~17.3 20
Case 06 (32)
18.3
3.4∙10-13
2.06
~17.3 20
Case 07 (31)
18.3
3.4∙10-13
2.06
~17.3 20
Variable aperture model domains – Subset I
Case 08 (45)
var a
3.4∙10-13
4.18
~35.1 20
a
Case 09 (44)
var
3.4∙10-13
4.18
~35.1 20
Variable aperture model domains – Subset II
Case 10 (37)
var a
3.4∙10-13
3.95
~35.1 20
Case 11 (38)
var a
3.4∙10-13
3.95
~35.1 20
Case 12 (39)
var a
3.4∙10-13
3.95
~35.1 20
Case 13 (40)
var a
3.4∙10-13
3.95
~35.1 20
Variable aperture model domains – Subset III
Case 14 (34)
18.3 b 3.4∙10-13
2.21
~18.5 20
Case 15 (55)
18.3 c 3.4∙10-13
2.36
~18.5 20
Case 16 (54)
18.3 b 3.4∙10-13
2.21
~19.6 20
Case 17 (56)
18.3 c 3.4∙10-13
2.36
~19.6 20
Case 18 (57)
18.3 d 3.4∙10-13
2.66
~22.1 20

αP

αC

Dapp

[-]

[-]

[-]

κporous 𝝋𝝋𝑪𝑪𝑪𝑪
[m2]

[%]

102

102

10-9

10-15

30

102
102

102
102

10-9
10-9

10-15
10-15

30
30

101
103

102
102
102
103
103
103
103
103
103

103
103
500
500
500

101
102

102
102
102
102
102
102
102
102
102
102
102
102
102
102

10-10
10-8

10-9
10-9
10-9
10-8
10-8
10-8
10-8
10-8
10-8

10-8
10-8
5∙10-9
5∙10-9
5∙10-9

10-15
10-15

10-14
10-15
10-15
10-15
10-15
10-15
10-15
10-15
10-15
10-15
10-15
10-15
10-15
10-15

30
30

30
15
05
30
30
30
30
30
30
30
30
30
30
30

Figure 5.11 for schematic representations of included defect geometries; b w0 = 500 µm
in first three segments, c first six segments, and d first twelve segments of model domain.

a See
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5.4 Simulation results and analysis
Starting with the reference case model setup, we simulated the dynamic
behaviour and change of transport properties of the cement-filled tube sample
as it is flooded by CO2-rich fluid, under the same temperature and pressure
difference boundary conditions applied during
our lab experiments
(Wolterbeek et al., 2016b; Chapter IV). In addition, we have varied a) the
reaction kinetics, b) the initial portlandite content, and c) the porosity and
permeability of the reaction products, in order to identify key parameters that
control the reactive transport and defect evolution. The effects of a more
complex, non-uniform defect geometry were investigated by including
apertures that vary along the flow (sample axis) direction. In the following, an
overview of the simulations and results is provided, and the model parameter
values used are given in Table 5.2. A comparison with the experimental data
(Chapter IV) will be made in the discussion.

5.4.1 Reference case simulation
Figures 5.5a-d show concentration profiles for selected dissolved species along
the sample at various times after the onset of flow-through with CO2-rich fluid
for the reference case (Case RF; Table 5.2). Similarly, Figures 5e-h show
portlandite and calcium carbonate content profiles for the first 4 m of the

model domain, as well as Router and RPCC data. The inlet boundary of the model
domain is located at the left-hand side (i.e. the zero distance) for each plot.

Initially, the fluid in the defect is equilibrated with portlandite along the entire
length of the model domain, having an alkaline pH of ~12.3. Subsequent inflow
of CO2-rich fluid, which has a pH of ~3.6 due to the formation and dissociation
of carbonic acid, leads to rapid acidification, particularly near the inlet
boundary (Figure 5.5a; e.g. 1h curve). This acidification prompts the dissolution
of portlandite in the cement exposed to the defect (Equation 4.17), buffering
the fluid pH to more alkaline values, producing (bi)carbonate (Equation 4.16;
Figures 5.5b,c). Dissolution of portlandite further releases Ca2+ into solution
(Figure 5.5d), which, together with (bi)carbonate, precipitates as calcium
carbonate. Such chemical reaction and precipitation mechanism is similar to
what was observed in diffusion-controlled, CO2-induced alteration of cement
(Raoof et al., 2012). However, in the present case, the coupling between
reaction and transport is more complex.
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Figure 5.5: Results of the reference case simulation. Concentration profiles of a) pH; b) HCO3-;
c) CO32-; and d) Ca2+ along the defect at 8 different times; e) and g) show profiles of Ca
carbonate and portlandite content along the defect pathway at 8 different times, while f) and
g) show corresponding profiles for Router and RPCC.

As portlandite located near the cement-defect interface becomes depleted in
the more proximal segments, and the reaction front migrates radially into the
matrix of the cement core (Figure 5.5h), the portlandite becomes less accessible
and the effectiveness by which the fluid in the defect can be buffered
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diminishes. This allows the acidic fluid front to migrate larger distances
downstream (Figure 5.5a, compare 1, 2 and 4 h curves). However, concurrent
with diminishment of portlandite buffering-efficiency, gradual accumulation of
calcium carbonate precipitates (Figure 5.5e) produces a constriction in the
defect aperture (Figure 5.5f). Precipitation outside the original cement volume
reduces the defect conductivity and lowers the flow rate of CO2-rich fluid. While
initially, due to the presence of the open debonding defect, the transport regime
is highly advective, we observe a slow change towards diffusion-controlled
transport, due to this precipitation effect. The dynamic interplay between
slowing mass transport along the defect trajectory and slowing diffusional
reaction within the cement matrix results in a turning point, with the acidic
front in the debonding defect advancing during the first 4 to 6 h of flowthrough, reaching a maximum downstream extent of nearly 3 m (Figure 5.5).
From thereon, however, effects of decreasing flow rate start to outstrip those of
portlandite depletion, and we observe a subsequent retreat of the pH front,
back in the direction of the inlet side of the model domain, occurring between 4
and 24 h (Figure 5.5a). Consequently, precipitation of calcium carbonates
becomes progressively more concentrated to near the inlet of the model
domain (Figure 5.5e). As a result, the aperture of the defect close to the inlet
becomes entirely filled with porous precipitates after ~18 h (Figure 5.5f). At
the same time, the defect starts to open up along a very narrow zone due to the
dissolution of portlandite (Figure 5.5f, see 72 h curve). Note this is not caused
by dissolution of calcium carbonates, but is related to calcium carbonates
previously assigned to the defect volume being reallocated to fill the porosity
created by continued portlandite dissolution within the cement matrix. This is a
result of formulation, related to how we incorporated the partitioning between
the cement matrix and the defect for calcium carbonate precipitation. At the
end of the simulation, the radial extent of cement alteration ranges from ~1.5
mm along the first ~20 cm of the domain, then quickly reduces to around ~0.6
mm and subsequently thins out gradually, to disappear at a distance just under
3 m downstream (Figure 5.5h).
Figure 5.6 shows the evolution of apparent permeability of the domain with
time as well as with the volume of injected fluid. The most significant reduction
in permeability occurs during the first ~18 h, as it decreases from 3.4∙10-13 to
1.4∙10-15 m2, i.e. about 2 orders. At later times, permeability reduction is more
gradual, due to a slowdown of the flow rate, hence lower influx of CO2 and
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thereby of the reaction that results in carbonate precipitation. The apparent
permeability finally reaches a value of 8.7∙10-16 m2 at the end of the simulation.
During the simulation, about 30 ml of CO2-rich fluid was injected.

Figure 5.6: Apparent sample permeability versus a) time and b) injected fluid volume for the
reference case simulation.

5.4.2

Sensitivity with respect to selected parameters

5.4.2.1 Effect of reaction kinetics
In order to study the effects of reaction kinetics and the assumptions we made
in establishing effective rate laws for portlandite dissolution and calcite
precipitation and re-dissolution, we performed a set of simulations in which the
values of Dapp , α P and α C were systematically varied. Based on a large number of

simulations, we found that increasing Dapp by one order gave similar results to

increasing both Dapp and α P one order. Conversely, increasing α P had only a

limited effect. This suggests that the reaction dynamics were determined by
diffusion-controlled dissolution of portlandite. Portlandite dissolution-driven
dynamics were also observed by Brunet et al. (2016) in their model study.
To illustrate the effect of varying the reaction kinetics, Figure 5.7 shows results
obtained after 48 h in three simulations, where the values of Dapp , α P and α C

were varied as indicated in Table 5.2. Here, the black lines correspond to our

reference case model (Case RF), with α P and α C both 100, and Dapp =10-9 m2 s-1.
Grey dotted lines denote Case 01, where most conditions were as in the

reference case simulation, but with Dapp , α P and α C set to 10-10 m2 s-1, 10 and 10,

i.e. yielding ten times slower reaction kinetics. Conversely Dapp , α P and α C where
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set to10-8 m2 s-1, 1000 and 100, respectively, in the model simulation
represented by solid grey lines, showing the effect of ten times faster
portlandite dissolution kinetics (Case 02). Making α P and α C both equal to 1000

produced nearly identical results (not shown). Comparing these three
simulations, we notice that increasing the effective reaction rate by 1 order
decreased the maximum downstream extent of reaction from ~3 m to ~60 cm
(Figures 5.7a,b), and tended to concentrate portlandite dissolution and calcium
carbonate precipitation closer to the inlet boundary. Conversely, when the
reaction rates are decreased by 1 order, the low pH front can penetrate the
entire length of the model domain, producing a flat cement alteration profile
and distributed calcium carbonate precipitation. Note that, in the latter case,
very little calcium carbonate precipitates in the first 5-10 cm of the sample. For
all three simulations, the dynamics and general evolutionary trends observed in
the concentration profiles of aqueous species (not shown) were qualitatively
similar to what was seen in the reference case simulation (Figures 5.5a-d).

Figure 5.7: Effect of reaction kinetics, graphs comparing three simulations using different
Dapp, αP and αC (see Table 5.2); a) and b) show carbonate and portlandite content profiles after
48 h; c) and d) show apparent sample permeability with time and with injected fluid volume.

The above observations can readily be interpreted in the context of a
competition between dynamic mass transport along the defect trajectory and
evolving diffusional reaction within the cement matrix, as previously discussed
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in our analysis of the reference case simulation. Faster reaction kinetics imply
that, for a given flow rate, the fluid can travel less far downstream before its
composition is buffered by portlandite dissolution. It further implies that
calcium carbonate precipitation occurs more concentrated, near the inlet,
which results in the formation of local constrictions, or bottleneck-effects,
thereby more rapidly decreasing the sample permeability (Figures 5.7c,d).
Conversely, slower kinetics imply that the fluid can travel further, which results
in more distributed dissolution and precipitation. By consequence, instead of
fast, local constriction of the defect we observe more gradual, distributed
sealing. In summary, increasing the reaction rate of portlandite dissolution
results in a smaller downstream extent of alteration (Figures 5.7a,b), and
increases the rate at which sample permeability goes down over time (Figures
5.7c,d).
5.4.2.2 Effect of initial portlandite content
Figure 5.8 shows results (obtained at t = 48 h) for three model simulations, in

which the volume fraction of portlandite initially present in the cement is
varied from 20 vol% (black curve; Case RF) to 30 vol% (solid grey curve; Case
03) and 40 vol% (dashed grey curve; Case 04). Comparing these three curves,
f P0 has a minor effect on the maximum downstream extent of chemical

alteration, which decreases with increasing f P0 but remains close to ~3 metres

(Figure 5.8a). Extent of portlandite dissolution in the segments ( ξ P ) at 48 h
decreases with increasing f P0 (Figure 5.8b). It should be noted that the total
amount of dissolved portlandite ( VP − VP0 ) is about the same in three

simulations, with differences in ξ P = (VP − VP0 ) / VP0 being mainly due to
differences in the initial portlandite content of the segments. The initial
portlandite fraction affects the depth of the leached zone and the rate of

diffusion-controlled portlandite dissolution decreases with increasing ξ P values

(via RPCC
=

1 − ξ P Rcement and Equation 4.35). Hence, increasing f P0 will indirectly

affect the efficiency with which portlandite can continue to buffer the defect
fluid composition. This causes the dynamics between advective transport in the
defect and diffusional reaction within the cement matrix to change their

regimes earlier for higher values of f P0 . Accordingly, the effect of f P0 is more
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pronounced in the sample permeability evolution, with larger initial portlandite
contents resulting in faster permeability reduction (Figures 5.8c,d).

Figure 5.8: Effect of initial portlandite content, graphs comparing three simulations using
different 𝑓𝑓0𝑃𝑃 (see Table 5.2); a) and b) show calcium carbonate and portlandite content

profiles after 48 h; c) and d) show apparent sample permeability evolution with time and
injected fluid volume.

5.4.2.3 Effect of reaction product porosity and permeability
As chemical reaction proceeds in the simulations, dissolution of portlandite and
precipitation and re-dissolution of calcium carbonate produce porous zones
within and outside of the original cement volume (see Section 5.3.2.2). These
porous regions were assigned a matrix permeability ( κ porous ) and the carbonate
precipitates forming inside the defect aperture were additionally given a

porosity ( ϕCP ), to reflect the nature of the precipitates observed in the lab
experiments (Wolterbeek et al., 2016b; Chapter IV). We performed simulations
where the values of κ porous and ϕCP were varied to investigate the effect of these
parameters.

Figures 5.9a,b show calcium carbonate content and extent of portlandite
dissolution after 48 h of flow-through for our reference case scenario ( κ porous =
10-15 m2; black curves; Case RF) and a simulation where κ porous was taken to be
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Figure 5.9: Effect of κporous (see Table 5.2); a) and b) show calcium carbonate and portlandite
content profiles after 48 h; c) and d) show apparent sample permeability evolution with time
and injected fluid volume.

10-14 m2 instead (dashed grey curves; Case 05). Figures 5.9c,d show apparent
sample permeability versus time and injected fluid volume, for the two
simulations. Starting with the apparent sample permeability, we observe that
Case RF and Case 05 initially evolve in very similar fashion. This is due to the
fact that the initial flow regime is advective and it occurs as free flow through
the debonding defect, and the effect of the matrix flow, and hence matrix
permeability, is negligible. As the aperture of the defect ( w ) decreases, this
very gradually causes a small deviation of the two curves. However, the
differences between the two simulations do not become appreciable before
~14 h of flow-through (Figure 5.9c). At this time, the aperture ( w ) reduced to

about 2-3 μm in width along the first ~60 cm of the sample, in both simulations,
and the flow rate supported by the narrowing defect has decreased to a point
where the flow supported by the matrix is considerable. From thereon, reactive
transport and permeability evolution were controlled by matrix flow. This is
also evident in the concentration profiles (Figures 5.9a,b) where we see
deviations only in late-time, diffusion-controlled part of the profiles, close to
the inlet boundary. It should be noted that, after the defect is completely sealed
somewhere in the model domain, that the apparent sample permeability
depends on both the value of κ porous the length along which the defect is sealed.
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For a uniform defect geometry, the minimum possible apparent sample
permeability, corresponding to complete filling of the initial void volume of the
defect with porous precipitates along the whole sample length, can be
calculated from the initial cross-sectional area of the defect open to flow via

2
−2
κ app (min) = κ porous (1 − Rcement
Rsteel
) . Note that this value is not reached, because

the debonding defect is sealed with calcium carbonate precipitate only along a
relatively short section of the domain (cf. Figures 5.5f,h). As such, substantial
effects due to κ porous occur only after the defect is already largely sealed with

calcium carbonate precipitates.

Figure 5.10: Effect of 𝜑𝜑𝐶𝐶𝐶𝐶 (see Table 5.2); a) and b) show calcium carbonate and portlandite

content profiles after 48 h; c) and d) show apparent sample permeability evolution with time
and injected fluid volume.

To investigate the effect of ϕCP we performed simulations with ϕCP = 30% (Case
02), 15% (Case 06) and 5% (Case 07) – see black dashed curves, grey curves,

and grey dashed curves in Figure 5.10, respectively. Note that Dapp , α P and α C

where set to 10-8 m2 s-1, 1000 and 100, respectively (cf. Section 5.4.2.1; Table

5.2). The results show lower ϕCP values produce larger maximum downstream

extents of cement alteration (Figures 5.10a,b) and slow down sample
permeability reduction (Figures 5.10c,d). This can be attributed to dense
coatings forming thinner layers on the cement surface, for a given amount of
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calcium carbonate precipitate, than porous coatings would. As such, the
aperture of the open defect is reduced less efficiently and flow can penetrate
further into the sample. We have seen previously that the main sealing-effect is
a reduction of the aperture ( w ) supporting free flow (Figure 5.9).

5.4.3 The effect of defect aperture variations within the model domain
So far we have considered model domains where the initial defect had a
constant aperture of 18.3 μm. In this section, the role of longitudinal aperture
variations in determining the self-sealing behaviour of defects is explored by
including model domains in which the initial defect aperture varies along the
sample with distance from the inlet boundary. In designing the variable
aperture model domains, we took particular care in ensuring that the initial
0
sample permeability ( κ app
) is 3.4∙10-13 m2. In other words, all model domains

with variable defect aperture are characterized by an initial sample
permeability equal to that of the domains with constant aperture discussed in
the previous sections (Table 5.2). This implies that the equivalent hydraulic
aperture for these domains is 18.3 μm. As such, the initial flow rate [m3 s-1] will
be the same in all simulations which allows us to compare the effect of variable
defect aperture on evolution of the sealing during the reactive flow.
Figure 5.11 provides a schematic overview of some of the applied defect
geometries. It should be noted that the model domains unavoidably vary with
respect to initial defect void volume ( Vdefect ) and hence in terms of the initial

residence time of fluids ( τ 0 ). Three subsets can be recognized, the first two of
which including groups of models that have identical initial defect volumes and
residence times (Table 5.2). In the following sections, we will present and
analyse the simulations per subset.

5.4.3.1 Effect of location of steps in aperture width (Subset I)
The first subset includes two simulations (Case 08 and 09), with each having a
model geometry containing a single step in the aperture size. The other
parameter settings can be found in Table 5.2. It should be noted that in these

simulations Dapp , α P and α C where set to 10-8 m2 s-1, 1000 and 100, respectively

(cf. Section 5.4.2.1; Table 5.2). In Case 08, the initial aperture is 14.6 μm along
the upstream half and 60 μm along the downstream half of the domain. In Case
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09, the situation is reversed, with w0 = 60 μm along the upstream half of the
model domain and w0 = 14.6 μm further downstream (Figure 5.11).

Figure 5.11: Schematic illustration of the variable aperture model domains in Subset I and II
considered in the study Note that model domains in Subset III are not shown (see Table 5.2
for description of these model domains).
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Figure 5.12: Variable defects, Subset I: Effect of single-step aperture change, halfway the
model domain (Figure 5.11 and Table 5.2); (a,b) show calcium carbonate and portlandite
content profiles after 48 h; (c,d) show apparent sample permeability evolution with time and
injected fluid volume.

Figure 5.12 shows apparent sample permeability versus time and versus
injected fluid volume for the two simulations. In Case 08, where the interfacial
defect is narrow near the inlet boundary, i.e. the CO2 exposed face, we observe a
rapid reduction in permeability, which decreases ~3 orders within 10 h of flowthrough. Conversely, in Case 09, where the interfacial defect is large near the
inlet side, sample permeability hardly changes during the first ~44 h, and
subsequently starts to decrease, reaching a value of ~7.9∙10-16 m2 at the end of
the simulation (Figure 5.12c). Since the boundary conditions and integrated,
model domain-scale properties are equal for the two models, the observed
difference in sample permeability evolution is related to the non-uniform defect
geometry and its interaction with geochemical gradients, causing dissolution
and precipitation within the defect. The sample permeability is controlled by
the narrow part of the defect, acting as a “bottle-neck” to flow (for our model
geometry, the sample permeability is given by the harmonic mean of the
permeabilities of the individual segments, i.e. sensitive to low values; e.g. Fitts,
2002). Since cement alteration and calcium carbonate precipitation are
initiated at the upstream end of the samples (cf. Figure 5.5), given the narrow
initial defect close to the inlet for Case 08, this causes immediate changes in the
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sample’s hydraulic properties. Conversely, in Case 09, precipitation of calcium
carbonates occurs within the wider part of the defect, thus having a limited
effect on sample conductivity, which is controlled by the narrow part of the
defect at the downstream half of the domain. By consequence, the influx of CO2rich fluid can be maintained, allowing a greater extent of portlandite
dissolution. As the reaction front in Case 09 slowly migrates downstream and
reaches the narrow portion of the defect, calcium carbonates start to
precipitate inside the narrow part of the defect, and sample permeability starts
to decrease.

5.4.3.2 Effect of periodic aperture variations (Subset II)
The second subset includes four models (Case 10, 11, 12 and 13) used to
explore the effect of variations in initial defect aperture that have a periodic,

sinusoidal distribution. The simulations were run with Dapp , α P and α C values of

10-8 m2 s-1, 1000 and 100, respectively (Table 5.2). In all four model domains,
the defect geometry was characterized by maximum and minimum apertures of
60 µm and 10.3 μm, respectively, corresponding to the troughs and crests of the
sinusoid (Figure 5.11). The four models differed with respect to the wavelength
of the periodic aperture perturbations (Figure 5.11). The most proximal
minimum in aperture accordingly occurs at a distance of 150 cm in Case 10, and
progressively closer to the inlet boundary in Cases 11, 12 and 13 (75, 37.5 and
18.75 cm downstream, respectively). Using a whole number of sinusoid periods
to construct each defect geometry, we ensured that initial defect void volume
0
( Vdefect
) is the same in all models (Table 5.2).

Figures 5.13a,b show calcium carbonate and portlandite content profiles for the
first 2 m of the model domains, for simulations Case 10, 11, 12 and 13, after 48
h of flow-through. Figures 5.13c,d show apparent permeability versus time and
versus injected fluid volume for the same simulations. All four simulations have
the same domain-scale properties, such as initial permeability, initial defect
volume and imposed boundary conditions. First considering the concentration
profiles (Figures 5.13a,b), we observe an increase in the maximum downstream
extent of cement alteration with increasing distance of the first crest of the
sinusoid (compare Figures 5.11 and 5.13). This behaviour is qualitatively
similar to what we have seen in the simulation with a large defect near the inlet
(Figure 5.12). Further note that the maximum downstream extent of cement
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alteration in Case 12 and 13 is less than in our simulation for a uniform defect
with an aperture of 18.3 µm (Case 02; black dashed line, Figures 5.13a,b).

Figure 5.13: Variable defects, Subset II: Effect of sinusoidal aperture variations (Figure 5.11
and Table 5.2); (a,b) show calcium carbonate and portlandite content profiles after 48 h; (c,d)
show apparent sample permeability with time and injected fluid volume. Shaded sinusoids
show aperture geometry up to first crest.

Turning to the sample permeability evolution data (Figures 5.13c,d), defect
models with variable apertures self-seal slower than in the otherwise
equivalent uniform aperture model (Case 02). This is the case not only for the
low frequency sinusoids (Case 10 and 11), but also for the two simulations
where the downstream extent of cement alteration was less. The initial
volumetric fluid flux was 7.15 ml h-1 in all these simulations. However, the fluid
velocity [m s-1] varies along the sample and depends on the cross-sectional area
of the defect open to flow. Slow movement in the wide parts of the defect allow
the fluid to equilibrate with portlandite effectively, with the bulk of calcium
carbonate precipitation occurring before the narrow part of the defect is
reached (cf. Figure 5.12). Only after the portlandite near the inlet has been
dissolved away to the point where reaction kinetics are too slow to fully
equilibrate the fluid before it reaches the first constriction, does precipitation of
calcium carbonates commence where it matters: at the narrowest parts of the
defect, producing a delay in permeability reduction (Figures 5.13b,c).
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5.4.3.3 Effect of enlarged defect aperture near sample inlet (Subset III)
In our lab experiments, sample preparation and the initial creation of a
debonding defect may generate defect apertures that are much wider close to
the inlet of the sample, compared to further downstream. To address this effect,
this section includes models (Runs 14, 15, 16, 17 and 18 - Subset III) that are

characterised by a constant defect aperture ( w0 ) of 18.3 μm for most of their

length. However, the first three to twelve segments of the model domains (i.e.
upstream-most 1.8 to 7.2 cm of the samples) were assigned a much larger
initial defect aperture, with w0 = 500 μm. This allowed us to study the effect of

an enlarged sample inlet area. For Case 14 and 15, Dapp , α P and α C where set to

10-8 m2 s-1, 1000 and 100, respectively, while values of 5∙10-9 m2 s-1, 500 and
100 were used in Case 16, 17 and 18. See Table 5.2 for a complete list of
parameters values used.

Figures 5.14a,b show calcium carbonate and portlandite content along the first
metre of the samples after 48 h of flow-through. Figures 5.14c,d show apparent
sample permeability versus time and versus injected fluid volume. The black
dashed lines denote Case 02, included for reference purposes with respect to
Case 14 and 15 (simulations using the same reaction kinetics). Compared to the
uniform-aperture case of Case 02, imposing an enlarged defect aperture of 500
μm wide along the first 1.8 cm (Case 14) or 3.6 cm (Case 15) of the cement-steel
interface produced two effects. The maximum downstream extent of cement
alteration is less for the simulations including an enlarged inlet area (compare
Case 14 and 15 with Case 02; Figures 5.14a,b). At the same time, sample
permeability reduction is more gradual (Figures 5.14c,d). This can be
interpreted in terms of two effects. First, for a given volumetric flow rate ( Q )

[m3 s-1], which is controlled by the domain-scale permeability, the flow velocity
( u ) [m s-1] will be much lower in the wide part of the defect, near the entrance,

due to the much larger cross-sectional area open to flow. Accordingly, the
downstream distance that can be travelled by CO2-rich fluid before it is
completely buffered by portlandite (a function of u and the reaction kinetics,

the latter of which are equal in the three simulations), will be less in
simulations with an enlarged defect near the inlet. However, precipitation of
calcium carbonates in the wide parts of the defect will have little effect on the
domain-scale permeability, which is controlled by the narrow aperture portion
of the defect (cf. Figure 5.12). This brings us to the second point, namely the
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difference in evolution of the narrow parts of the defect. In Case 14 and 15 the
fluid entering the narrow part of the defect has been preconditioned by
reaction with portlandite during the time spent traversing the wide part of the
defect. As such, the potential for reaction in general, and calcium carbonate in
particular, will be lower in Case 14 and 15, leading to less efficient precipitation
and slower permeability reduction. Regarding the downstream extent of
cement alteration, we observed that Case 02 > Case 15 > Case 14, while the rate
at which the apparent permeability decreases is ordered as Case 02 > Case 14 >
Case 15. This reflects a complex interplay between defect geometry,
geochemical gradients, flow velocity and precipitation-induced changes in
permeability. Case 16, 17 and 18 show similar trends, but with on average a
larger downstream extent of cement alteration and slower permeability
decrease, which both can be related to the slower reaction kinetics in these
simulations (cf. Figure 5.7).

Figure 5.14: Variable defects, Subset III: Effect of enlarged defect along inlet region (Section
5.4.3.3 and Table 5.2); (a,b) show calcium carbonate and portlandite content profiles after 48
h; (c,d) show apparent sample permeability evolution with time and injected fluid volume.

5.5 Discussion

We have developed a metre length-scale reactive transport model to study the
effect of flow-through of CO2-rich fluids on the transport properties of defects
along the cement-casing interface. Starting with a reference case model that
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employs a uniform defect geometry, we performed a sensitivity analysis by
systematically varying a) reaction kinetics, b) initial portlandite content of the
cement, and c) the porosity and permeability of reaction products. In addition,
we studied the effects of more complex, non-uniform defect geometries, by
including defects with apertures that vary along the model domain. The results
from our simulations showed that the downstream extent of cement alteration
and sample permeability evolution are both sensitive to the studied parameters
and the defect geometry. In the following, we will compare our simulations to
experiment T60-1 of Wolterbeek et al. (Chapter IV), in an attempt to identify
key controls on the behaviour and permeability evolution of the cement-filled
steel tube samples in our reactive flow-through lab experiments. We go on to
discuss how the present model can be improved, and consider the broader
implications for upscaling and well integrity assessment.

5.5.1 Comparison between our model results and experimental data
Figure 5.15 shows the modelling results from selected simulations
superimposed on the experimental data for sample T60-1 of Wolterbeek et al.
(Chapter IV). Unfortunately, no fluid chemistry data are available for the
laboratory experiments. Accordingly, the main characteristics we can compare
are: a) the post-experiment reaction zonation, particularly the maximum
downstream extent of this alteration, and b) the sample-scale, apparent
permeability evolution with time and with injected fluid volume (Figure 5.1).
Let us first consider the reference case simulation (Case RF) and how this
compares to the laboratory experiment (Figure 5.15). In Case RF, we assumed a
uniform debonding defect, characterized by a constant aperture ( w0 ) of 18.3

μm. While this is a considerable simplification compared to the highly variable
defect geometry of the cement-filled steel tube sample of Wolterbeek et al.
(Chapter IV), the trends obtained by the model are nonetheless qualitatively
similar to what we observed in the reactive flow-through experiments. Upon
exposure to CO2-rich fluid, the apparent sample permeability decreases rapidly
by about 3 orders, after which the decrease continues at a much slower rate
until the ends of the simulation and experiment. In both experiment T60-1 and
model simulation Case RF, the largest extent of carbonate precipitation and
portlandite dissolution occurred along the first ~20 cm of the sample, with the
amount of CO2-induced reaction dwindling further downstream. As such, the
model is capable of producing trends that are approximately similar to the
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main features of the reactive flow-through experiments. However, the
reference case model overestimates the downstream extent of alteration (~3 m
in Case RF, compared to ~73 cm in experiment T60-1; cf. Figures 5.1 and 5.5)
and also overestimates the rate at which the apparent sample permeability
decreases with time and injected fluid volume (Figure 5.15). Considering the
inherent uncertainty that generally exists in many of the parameters used in
our model, such as mineral reactive surface areas (e.g. White and Peterson,
1990), effective reaction parameters (Abdoulghafour et al., 2016; Walsh et al.,
2014b; Wasch et al., 2015), and dynamic viscosity (Islam and Carlson, 2012;
Mao and Duan, 2009), the differences between the reference case model and
reactive flow-through experiment T60-1 may partly reflect poorly chosen
parameter values. Alternatively, differences could be due to our simplification
and implementation of the reaction mechanisms of CO2-induced cement
alteration, or be related to usage of an oversimplified defect geometry in the
model.
Our attempts to explore the effects of reaction kinetics (Section 5.4.2.1), initial
portlandite content (Section 5.4.2.2), and the porosity/permeability of reaction
products (Section 5.4.2.3) on the evolution of defect permeability and cement
zonation, address the issue of parameter values. We have seen that the
maximum downstream extent of alteration depends strongly on Dapp , α P and α C

(Figure 5.7), and that the other parameters investigated have a comparatively
minor impact on this distance (Figures 5.8, 5.9 and 5.10). Increasing the
reaction efficiency for portlandite ( Dapp and α P ) by one order, compared to the

reference case simulation, produces carbonate and portlandite content profiles
that closely match experimental observations (Case 02, black dashed curves,
Figures 5.15a,b), implying that we underestimated either the rate of diffusion in
the reacted cement zones (Z1-Z5) or “super-diffusive” reaction (Abdoulghafour
et al., 2016; Walsh et al., 2014b). Note that differences in the extent of
portlandite dissolution may be related to experimental determinations (grey
curve, Figure 5.15b) overestimating the amount of portlandite, due to the
presence of other cement phases that thermally decompose over the same
temperature range, thus affecting thermogravimetric analysis results (Taylor,
1992). In addition, increasing the reaction efficiency invariably results in an
increased rate of apparent sample permeability reduction (Figures 5.15c,d).
This implies that matching the permeability evolution data would require a
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decrease in Dapp and α P , and thus that reaction parameters alone cannot explain

the deviation from experimental observations. Lowering the initial portlandite

content ( f P0 ) lowers the rate of permeability reduction without significantly

increasing the downstream extent of cement alteration (Figure 5.8). However,

Figure 5.15: Comparison of experimental data from T60-1 (cf. Figure 5.1 and Wolterbeek et
al. 2016b, Chapter IV) with selected simulation results (see Table 5.2); (a,b) show calcium
carbonate and portlandite content profiles after 48 h; (c,d) show apparent sample
permeability evolution with time and injected fluid volume.

for changes in f P0 in the range of experimental observations (e.g. from 20 to 15

vol% – see TGA data of Wolterbeek et al. 2016b, Chapter IV), the magnitude of
this effect is negligible. Varying κ porous was found to influence reactive transport

behaviour only after substantial clogging of the defect had already occurred
(Figure 5.9), and the porosity of the defect-filling precipitates ( ϕCP ), like the

reaction parameters, simultaneously increase the maximum extent of reaction
and decrease the rate of permeability reduction (Figure 5.10). We also
investigated µ , T and ∆P (not shown), but for variations within the uncertainty

bounds of provided by Wolterbeek et al. (Chapter IV) their effects were minor.
It is concluded that if we consider a uniform aperture, use of realistic parameter
values can provide trends similar to those seen in the reactive flow-through
experiments, but cannot fully reproduce and explain our experimental results,
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in particular the alteration depth together with the time evolution of
permeability decrease.

In analysing the effects of defect aperture variations, we have seen that wide
regions produce locally slower fluid velocities [m s-1], thereby allowing more
efficient buffering by dissolving portlandite. This can reduce the downstream
extent of reaction (Figures 5.13, 5.14). At the same time, precipitation of
calcium carbonates within these locally wide zones has only a limited effect on
sample-scale permeability, which is mainly controlled by the narrow regions of
the defect. A lower rate of permeability reduction implies that more fluid will
be injected (Figure 5.12), which may in turn lead to greater penetration depths
of CO2-induced alteration (Figure 5.12). This results in a complex interplay
between initial defect geometry, geochemical gradients, flow velocity and
precipitation-induced changes in permeability. Including such non-uniform
defect geometry effects allowed us to obtain closer agreement between the
simulations and the laboratory experiment T60-1. Simulation Case 18 included

an enlarged aperture ( w0 = 500 μm) along the first ~7.2 cm of the model

domain, and a uniform w0 of 18.3 μm along the remainder of the 6 m. This

roughly reflects some aspects of sample T60-1 of Wolterbeek et al., which had a
rather complex defect geometry (see Section 5.2.4 and Chapter IV). In
particular, the inlet region (first ~2 cm) of the cement-filled steel tube was
characterized by an enlarged aperture, up to ~700 μm wide, caused by the
hydraulic debonding technique employed to impose conductive defects at the
cement-steel interface. In addition, the upstream connector plus ~3 cm of tube
of the laboratory sample were cleaned of cement using a drill, thus possibly
leaving traces of cement on the tube’s inner wall. Comparing the experimental
data and the Case 18 results, inclusion of the variable aperture produced closer
agreement than was attained using any of the uniform aperture models (Figure
5.15). As such, it is found that the initial defect geometry appears to have
played a key role in determining how reactive transport manifested in the
cement-filled steel tube samples in the experiments of Wolterbeek et al.
(Chapter IV).
5.5.2 Comparison with other modelling studies
Before we consider the implications of our simulation results for upscaling and
well integrity assessment, it is of interest to compare our observations with
those made in previous modelling studies. It should be emphasized, however,
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that various studies apply different implementations of reaction and transport
processes, as well as differences in the length scale of the domains, which
complicates a detailed comparison. Most similar to the present model in its
approach is the work by Deremble et al. (2011), who developed a simplified
flow and geochemical model to study self-sealing in uniform wellbore defects
on the 100 m length-scale. Considering a pressure drop of 5 MPa over 100 m
and an inlet fluid with a CO2-content of 0.8 mol kgw-1, they found that defects

with apertures ( w0 ) of 80 μm may self-seal, while 100 μm apertures remain

open. Unfortunately, it is not entirely clear how they arrived at this result, since
some of the equations contain typing errors (inferred from unit inconsistency),
and not all parameter values are provided.

The reactive transport model by Cao et al. (2015), employing continuum scale
formulations to simulate processes occurring within the cement matrix,
considered cement fractures with a uniform aperture, in model domains up to
63 cm in length. Calibration of their model was performed against a reactive
flow-through experiment on a composite sample, consisting of three fractured
cement cores placed in series (see Section 5.2.3). Interestingly, similar to the
observations in our work, Cao et al. (2015) found that, while their reference
case simulation was able to reproduce the Ca2+-concentration in the effluent
fluid (i.e. chemical gradients), the simulation significantly overestimated the
permeability decrease observed in their lab experiment. They attributed this
overestimation to the fact that the sample’s complex and variable defect
geometry (see Figure 2 of Cao et al., 2015) was represented in the model using
a uniform fracture of constant aperture (arrhythmic average of sample
aperture), while in a more heterogeneous defect, fluids would tend to flow
through the wider aperture zones, thus leading to the formation of tortuous,
chemically reacted channels. However, such heterogeneous defects were not
addressed in their modelling study. The present modelling results support the
assertion by Cao et al. (2015) that an initially non-uniform defect geometry
plays a key role in sample-scale permeability evolution, having shown that
aperture variations strongly affect sealing efficiency (Figures 5.11 to 5.14). In
the present model, similar observations could be related to the decreased flow
velocity ( u ) [m s-1], and hence increased portlandite buffering efficiency, in
wide portions of the defect.
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Brunet et al. (2016) developed a reactive transport model, similar in setup to
that of Cao et al. (2015) in also using a uniform defect aperture, and calibrated
it using the experiments of Huerta et al. (2016). They conducted a large number

of simulations, varying the domain length from 10.96 to 32.87 cm, w0 from 6 to
90 μm, and Q0 from 0.09 to 7.8 ml h-1. Brunet et al. (2016) observed diverging

behaviour, with some simulations showing fracture opening and others sealing.
It is interesting to note that defect sealing or opening occurred within a day
(see Figure 8 of Brunet et al., 2016), which is relatively fast for typical
laboratory experiments, and reminiscent of the rapid permeability reduction
observed in our simulations using uniform apertures, as well as those reported
by Cao et al. (2015). Brunet et al. (2016) found that the initial hydraulic
aperture ( whydr ) and initial residence time of fluids ( τ – see Equation 4.29) are

key parameters in determining whether reactive flow of CO2 in defects will be
self-sealing or not, with narrower defect sealing faster (see also Cao et al.,
2015). Longer residence times provide more time for the CO2-rich fluid to be
buffered by reacting cement phases, leading to precipitation of carbonates.
Based on their simulations, Brunet et al. (2016) obtained the following relation
describing the sealing of fractures in cement in terms of a critical residence
time ( τ crit ):

2
τ crit =
9.8 ⋅ 10−4 whydr
+ 0.254whydr

(4.37)

If the residence time of CO2-rich fluid in the defect is larger than this critical

value, τ crit [min], then self-sealing is expected. In our experiments (Chapter IV),

we showed that Equation 4.37 can adequately explain the permeability
evolution of our cement-filled steel tubes, if the uncertainty in the
measurements is considered (see Figure 4.11). Considering the uniform
aperture simulations in our study (Runs RF, and 01 to 07), the results are
consistent in that we observed self-sealing of 18.3 μm wide defects, given the
initial residence time of 17.3 min (Table 5.2), which is indeed larger than the
critical value predicted by Equation 4.37 for hydraulic apertures of this size.
A more interesting situation arises when we try to compare our variable
aperture simulations to the relationship obtained by Brunet et al. (2016). On
the model domain-scale, the apparent sample permeability is the same for all
geometries included in Figure 5.11. Accordingly, if these model domains are
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represented by an equivalent defect of uniform aperture, then whydr = 18.3 μm,

which implies that the critical residence time, obtained from Equation 4.37, is
the same for all mentioned simulations. For the variable aperture geometries,
however, the initial defect volume is always larger than in the uniform aperture
case, leading to longer residence times (Table 5.2). Our modelling results have
shown that, depending on the geometry/aperture size distribution of the
defect, the sealing efficiency may be considerably less for variable defects (e.g.
Figure 5.12), despite the increase in residence time. While we have not
observed instances where the sealing behaviour transgressed into opening
behaviour due to a change in defect geometry, it should be noted that the
conditions under which we performed our simulations are confined to well
within the self-sealing field defined by Brunet et al. (2016). As such, the effects
of non-uniform defect geometries on the self-sealing behaviour, and its
dependence on residence time, may be more important for systems closer to
the critical state (in terms of residence time – Equation 4.37). Further research
is needed to characterize and study these potential effects in detail.
5.5.3 Implications for upscaling and well integrity assessment
Confident assessment of the risk of wellbore leakage requires application of
integrated models that comprise and capture the behaviour of the entire
wellbore system. Contemporary reactive transport models are able to largely
capture the processes of reaction and transport, leading to precipitation of
carbonates, thus obstructing pathways for flow and reducing the sample
permeability. However, upscaling of these models, while incorporating the full
physics and chemistry of these highly complex, coupled reactive transport
processes, particularly while also considering interactions with the reservoir,
caprock and overlying rock formations, is computationally very demanding, if
not prohibitive (Carroll et al., 2016). Accordingly, existing wellbore integrity
assessment analyses make use of so-called “reduced order models”, where the
processes involved in leakage are simplified (Harp et al., 2016; Jordan et al.,
2015). However, changes in wellbore permeability due to reactive transport
processes are generally not considered in these models (Carroll et al., 2016). In
determining effective parameters to use in reduced order models, residence
time appears to be a promising possibility. However, our simulations revealed
the importance of aperture size, and particularly aperture size variations, in
controlling the evolution of fracture permeability. As such, reliable upscaling
would first require models at the laboratory scale to include such variations, in
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order to improve compatibility between models and experiments. Ideally, more
long-range laboratory experiments (Wolterbeek et al., Chapter IV) and field
demonstrations (Manceau et al., 2015), are required to better constrain and
validate the complex models.

5.6 Conclusions

In this study we have developed a long-range reactive transport model to
investigate how the permeability of debonding defects at wellbore material
interfaces is affected by flow-through with CO2-rich aqueous fluid, and applied
it to simulate the behaviour of a cement-filled steel tube sample (length = 6 m;
diameter = 6 mm) exposed to CO2-rich water in the laboratory experiments of
Chapter IV. In performing the simulations, the sample is discretized into a
series of cylindrical segments, and a flow model plus cross-sectionally averaged
reaction formulations are used to simulate reactive transport processes and the
evolution of sample permeability. Building on a reference case characterized by
a uniform defect, and using boundary conditions relevant to the flow-through
laboratory experiment being simulated, we systematically explored the effects
of a) reaction kinetics, b) initial portlandite content, and c) the porosity and
permeability of the defect-filling precipitates, in order to study the sensitivity
with respect to these parameters. A key feature of the present model is that we
subsequently investigated the effect of defect geometry, by including more
complex, non-uniform defects, marked by initial aperture distributions varying
in the along-flow (longitudinal) direction. Our main findings can be
summarized as follows:
1.

During the simulations, inflow of CO2-rich fluid led to progressive
acidification of the fluid phase in the defect. This initiated dissolution
of portlandite in the cement, buffering fluid pH to more alkaline values
and releasing Ca2+ into solution. This in turn led to formation of porous
calcium carbonate precipitates inside the defect aperture. As the defect
conductivity went down due to this precipitation, we observed a shift
in the regime of fluid dynamics, with the acidic front in the defect fluid
gradually retreating back to the inlet boundary of the sample.
Consequently, dissolution and precipitation became progressively
more concentrated at the upstream end of the sample, eventually
leading to complete sealing of the defect aperture close to the inlet. In
general, the simulation results show that our metre-scale model is
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2.

3.

capable of capturing the main aspects of reactive transport, and
simulating the permeability evolution as seen in the flow-through
experiments of Wolterbeek et al. (Chapter IV).
Systematic exploration of the effects of reaction kinetics, initial
portlandite content and the nature of the carbonate reaction products
revealed that the maximum downstream extent of cement alteration
decreases and permeability reduction increases with increasing
reaction rate. Increasing the amount of portlandite initially present in
the cement increases the permeability reduction-rate, but has little
effect on the downstream extent of cement alteration.
The presence of a non-uniform initial aperture has a major influence
on the alteration depth and the evolution of sample permeability.
Obtaining reasonable agreement between the simulation results and
the experimental data of Wolterbeek et al. (Figure 5.1; Chapter IV)
required application of a variable aperture defect geometry,
demonstrating the importance of local aperture variations in
determining the evolution of wellbore defects. It is worth noting that
our model only partially succeeded in reproducing our experimental
observations. As such, future studies would benefit from including
lateral (i.e. circumferential, for the present geometry) variations in
defect aperture, in addition to the longitudinal variations tested here.
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Reaction-driven casing expansion:
Potential for wellbore leakage
mitigation
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Abstract
The long term behaviour and integrity of wellbore systems, after abandonment
of CO2 storage and other reservoir systems, is difficult to predict with certainty.
Moreover, leakage of CO2 and other fluids, specifically between casing and outer
cement sheath, is difficult to mitigate. Expanding the wellbore casing with some
form of internal plug, thereby closing annular voids and fractures around it,
offers a possible solution to both issues. However, such expansion requires
development of substantial internal stresses, particularly in legacy wellbores
employing conventional casing steels. Chemical reactions that involve a solid
volume increase and produce a force of crystallisation (FoC), such as CaO
hydration, offer obvious potential. However, while thermodynamically capable
of producing swelling stresses in the GPa range, the maximum stress obtainable
by CaO hydration has not been validated or determined experimentally. In this
paper, we report uniaxial compaction/expansion experiments performed in an
oedometer-type apparatus on precompacted CaO powder, at 65 °C and at
atmospheric pore fluid pressure. Using this setup, the FoC generated during
CaO hydration could be measured directly. Our results show FoC-induced
stresses reaching up to 153 MPa, with reaction stopping or slowing down
before completion. Failure to achieve the GPa stresses predicted by
thermodynamic theory is attributed to competition between FoC development
and its inhibiting effect on reaction progress. Microstructural observations
indicate that reaction-induced stresses shut down transport pathways for
water into the sample, hampering ongoing reaction and limiting the magnitude
of stress build-up to the values observed. The results nonetheless point the way
to understanding the behaviour of such systems and to finding engineering
solutions that may allow large controlled stresses and strains to be achieved in
wellbore sealing operations in the future.
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6.1 Introduction
As aging hydrocarbon fields approach the end of their productive and economic
life (Kaiser, 2015; Liversidge et al., 2006; Warne, 2004), and as various options
for their potential reuse, such as geological storage of CO2 (Bachu, 2003; Hepple
and Benson, 2005; Whittaker et al., 2011) or of energy (Bauer et al., 2013; Hou
et al., 2013; Procesi et al., 2013) emerge, wellbore sealing issues are becoming
ever more important (Barclay et al., 2001; Campbell and Smith, 2013). In
particular, effective plug and wellbore sealing procedures, ensuring long-term
zonal isolation, are essential a) for complying with increasingly stringent
environmental regulations applying to well and reservoir abandonment (Smith
et al., 2011), and b) for enabling reuse of reservoirs in future applications
(Hofstee et al., 2008).

Most existing wells incorporate a central bore lined with a telescopically
tapering steel casing tube. This is kept in place and sealed against the wall rock
using Portland-based cement (Nelson and Guillot, 2006). The cement seals are
susceptible to various forms of failure (Gasda et al., 2004; Montgomery, 2006).
For example, during emplacement, poor removal of drilling mud or filter cake
may impair bonding between the cement, the casing and the surrounding rock
(Agbasimalo and Radonjic, 2014; Ladva et al., 2005). Moreover, cement
shrinkage upon hardening, inherent to some of the processes involved in
hydration (Taylor, 1992), produces radial contraction that may result in tensile
fracturing of the cement or debonding at the casing-cement and cementformation interfaces (Daccord et al., 2006a; Dusseault et al., 2000). In addition,
fluctuations in temperature and stress-state, endured by the wellbore during
field operations, may further contribute to the accumulation of structural
damage (Lecampion et al., 2013; Lewis et al., 2012; Mainguy et al., 2007; Orlic,
2009; Ravi et al., 2002).

Regardless of their origin, such defects offer pathways for fluid flow that may
compromise well integrity (Zhang and Bachu, 2011). Indeed, considerable
numbers of wells are known to have zonal isolation issues. Analysis of 315,000
oil, gas and injection wells in Alberta showed that ~4.6% of these wells
displayed surface casing vent flow or gas migration (Bachu and Watson, 2006).
For energy wells completed since 1971, this percentage is higher, with ~14%
exhibiting surface casing vent flow of >300 m3 day-1 (Jackson and Dusseault,
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2014). Of 41,381 wells drilled in Pennsylvania between 2000 and 2012, ~1.9%
showed some form of structural integrity failure (Ingraffea et al., 2014).
Moreover, sustained casing pressure (unintended development of pressure at
the surface, at the well, which rebuilds after bleeding off) is reported in ~43%
of the producing and abandoned wells located on the outer continental shelf of
the Gulf of Mexico (Brufatto et al., 2003). If unwanted fluid migration
phenomena such as these progressively impair the well or already exceed the
maximum rate allowed by regulations, remedial measures are required.

Squeeze cementing operations are common practice in mitigating leakage
occurring behind the casing, i.e. outside of the steel pipe (annular leakage).
Squeeze cementing involves perforation of the casing over the defective
wellbore interval, followed by injection of cement to seal annular voids and
fractures (Nelson and Guillot, 2006). However, this conventional approach is
often ineffective. A performance study of squeeze cementing operations
performed on wells in west Texas found that first-attempt remediation was
successful in only 47 of 137 cases (34%), and that the success rate for multiple
attempts (up to five per well) was <60% (Cowan, 2007). There is therefore
substantial interest in alternative approaches to leakage mitigation, such as the
casing expansion procedure recently proposed by Kupresan et al. (2014, 2013).
This involves permanent radial expansion of the casing pipe, thereby closing
annuli, fractures and other voids outside the casing, while placing the cement
there under compression. Kupresan et al. (2014, 2013) tested this method in
three lab experiments on composite samples consisting of two concentric steel
cylinders (length 60 cm, diameter inner pipe ~6 cm, diameter outer pipe ~10.2
cm), where cement was injected in the annular region between these two pipes.
After curing, sealing was poor due to the induction/presence of debonding
defects at the inner pipe wall, producing apparent sample permeabilities of
1.4∙10-13 to 7.1∙10-12 m2. Subsequent expansion of the inner pipe, by 2 to 8% via
internal pressurization or swaging, caused significant reduction in
permeability, reducing this to ~3∙10-19 m2 in the initially most permeable
sample and to values below detection in the other two samples (Kupresan et al.,
2014, 2013). These findings are promising, especially since increased
confinement may help maintain the mechanical stability of the cement, i.e. by
promoting permanent cohesive compaction as opposed to fracture (Wolterbeek
et al., 2016a).
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A potential limitation to the method proposed by Kupresan et al. (2014, 2013),
is that the casing diameter must be plastically expanded. In their experiments,
this was achieved using (ductile) expandable casing tube technology (Byrom,
2014; Meng et al., 2003), swaged open with a pull-through mandrel and
internal expansion cones. While expandable steel casings can be used in both
new and existing wells, and have been applied effectively in remedial
operations targeting punctured casings (Bargawi et al., 2005), it remains a
relatively new technology (Dupal et al., 2001). This means that both legacy and
presently operating wells, i.e. wells requiring abandonment in the coming
decades, are generally furnished with conventional casing strings. This raises
the question of whether or not the casing expansion concept can be applied,
perhaps in modified form, to traditional casings. In such cases, the maximum
attainable expansion ratios would necessarily be low (<2%), since generally
less ductile types of steel have been employed to date (ISO 11960, 2004) than
now appearing. However, even this limited expansion could still be effective,
particularly in remedying leakage of CO2-bearing fluids. For CO2-rich fluids, it
may be sufficient to reduce the aperture of fractures and debonding defects
only to the point where reactive-transport leads to self-sealing behaviour
(Brunet et al., 2016; Cao et al., 2015; Huerta et al., 2016), rather than
completely closing interfacial flaws by purely mechanical means. Yet, it would
not be trivial to expand conventional casing strings by even 1-2% using the
pull-through mandrel methods that are now being applied to expandable
wellbore casing tubes. These approaches require the pipe wall to be smooth
and of uniform thickness (Byrom, 2014), while the wall thickness of
conventional casing is rather poorly controlled, with specifications allowing for
12.5% variability (ISO 11960, 2004). Alongside mineral scaling, present in
many existing wellbores (Dyer and Graham, 2002; Jordan et al., 2003),
significant lubrication issues are therefore expected (Di Crescenzo et al., 2015),
which in turn could cause swaging to induce considerable damage to the casing
tube (Byrom, 2014). Given these difficulties, alternative approaches are needed
for expanding conventional wellbore casings to seal leakage pathways outside
of the casing in existing wellbores, e.g. during wellbore abandonment.

Chemical reactions that involve a solid volume increase and produce a force of
crystallisation (FoC) (Flatt et al., 2006; Steiger, 2005a; Weyl, 1959), such as the
hydration of CaO (Chatterji, 1995), offer obvious potential as agents causing
expansion. These reactions are thermodynamically capable of producing very
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large mechanical stresses (Kelemen and Hirth, 2012; Ostapenko, 1976; van
Noort et al., 2010). For the case of CaO hydration, thermodynamic models
(Kelemen and Hirth, 2012; Kelemen et al., 2011), taking Gibbs energy of
reaction and solid volume change data representative for downhole
temperatures (Lothenbach et al., 2008), predict FoC-induced stresses of up to
~3.4 GPa. By comparison, preliminary calculations using Barlow’s formula for
the expansion of a cylindrical metal tube (Barlow, 1836; Voorhees et al., 1956),
plus typical casing tube dimensions and plastic yield data for conventional
casing steels (ISO 11960, 2004), suggest that expanding conventional wellbore
casing via internal pressurization would require effective internal stresses in
the range of 100 to 300 MPa. As such, the stresses that could potentially be
induced, if a wellbore would be plugged with low porosity CaO aggregate, are
more than sufficient to bring about casing expansion leading to mechanical
closure of annuli and fractures similar to that seen in the experiments by
Kupresan et al. (2014, 2013). However, whether these theoretical FoC stresses
can be attained in practice depends on whether reaction can go to completion,
and hence on the reaction kinetics, the supply of reactants, the reaction
mechanism, and the effect of stress on reaction. Moreover, at least some degree
of control on the strains that develop upon CaO hydration would be required, to
avoid excessive expansions that otherwise may lead to casing rupture.

Successful application of CaO hydration-induced FoC-development in the
expansion of wellbore casing would require a thorough, quantitative
understanding of a) the reaction mechanism controlling CaO hydration, b) the
deformation and fluid transport processes controlling stress and strain
evolution, and c) whether the hydration process can be sufficiently regulated.
In this study, we take a first step in this regard, by directly measuring the force
of crystallisation generated during CaO hydration. Our results show FoCinduced stresses of up to 153 MPa. We discuss the reasons for the shortfall
compared with thermodynamic theory and provide some suggestions for
finding engineering solutions that may allow larger hydration-induced stresses
and strains to be achieved in wellbore sealing operations in future.

222

Reaction-driven casing expansion

6.2 Background information
Before presenting and analysing our experiments, we first introduce the basic
concept of force of crystallisation, and briefly summarize previous
experimental measurements and thermodynamic models addressing the
phenomenon. We go on to derive our own thermodynamic model, establishing
a framework in which to consider CaO hydration in our experiments.

6.2.1 Force of crystallisation: examples and previous measurements
Consider a fluid-mediated chemical reaction that involves dissolution of the
reacting solid phases and precipitation of solid products from a supersaturated
solution. When such a reaction involves an increase in solid volume and
proceeds in a confined space, this can lead to development of a so-called force
of crystallisation (FoC) (Becker and Day, 1905; Correns, 1949; Flatt et al., 2006;
Scherer, 1999; Taber, 1916; Weyl, 1959). In other words, reaction can result in
stress being exerted on the confining boundaries of the system. In principle, any
thermodynamic driving force that can produce a supersaturation with respect
to the solid product phase can generate a FoC, as long as precipitation can occur
under confined conditions, i.e. within load-bearing grain contacts (Becker and
Day, 1916; Røyne and Dysthe, 2012). Well-known examples of such reactions
include salt damage (Coussy, 2005; Scherer, 2004), where supersaturation is
achieved via evaporation and surface curvature effects (Shahidzadeh-Bonn et
al., 2008; Steiger, 2005a, 2005b), and a wide range of mineral reactions where
the solid products comprise a larger volume than the solid reactants. Frost
heave (Coussy, 2005; Henry, 2000; Taber, 1930), where crystallisation is driven
by fluid undercooling, i.e. temperature change (cf. Taber, 1916), is a similar
process. Examples of mineral reactions that have been shown or are believed to
produce a FoC include a) uptake of crystallisation water by thenardite to
produce mirabilite (Espinosa Marzal and Scherer, 2008; Tsui et al., 2003), b)
delayed ettringite formation in concrete (Flatt and Scherer, 2008; Idiart et al.,
2011; Taylor et al., 2001), c) serpentinisation and possibly carbonation of
peridotite (Jamtveit et al., 2008a; Kelemen and Hirth, 2012; Kelemen et al.,
2011; Plumper et al., 2012; Rudge et al., 2010), d) replacement of leucite by
analcime in low-silica rocks (Jamtveit et al., 2008b), e) conversion of anhydrite
into gypsum (Keulen et al., 2001), and f) the hydration of metal oxides such as
quicklime (CaO) and periclase (MgO) (Ghofrani and Plack, 1993; Ostapenko,
1976). In a geological context, development of a force of crystallisation is
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widely considered to play an important role in pseudomorphic replacement
(Fletcher and Merino, 2001; Merino and Dewers, 1998), as well as vein
formation (Fletcher and Merino, 2001; Gratier et al., 2012; Means and Li, 2001;
Taber, 1916) and reaction-driven fracturing (Jamtveit et al., 2008b; Plumper et
al., 2012; Putnis et al., 2009; Rudge et al., 2010).

Despite this previous work on FoC-related processes, relatively few studies
have been conducted where the magnitude of the FoC is determined directly.
Becker and Day (1905) attempted FoC measurement via the placement of dead
weights on crystals growing from supersaturated solutions, created by gradual
evaporation or cooling. They found that centimetre-sized crystals of alum,
growing between glass plates, continued to grow and could raise a weight of 1
kg through distances of several hundreds of micrometres, and reported similar
findings for copper sulphate, lead nitrate and potassium ferrocyanide. On the
lower surface of the crystals, precipitation of new material was restricted to the
periphery, producing a hopper-like morphology (see also Røyne and Dysthe,
2012), preventing accurate determination of load-supporting area and hence
stress corresponding to the FoC. The presence of unloaded crystals in the same
solution was found to inhibit growth of the loaded crystal surfaces (Becker and
Day, 1916; Bruhns and Mecklenburg, 1913; Taber, 1916). Performing similar
experiments with improved resolution in displacement, Correns and Steinborn
(1939) and Correns (1949) collected extensive data and demonstrated that the
ability of alum crystals to lift a dead weight depended not only on the
supersaturation, but also on which crystallographic plane was the loaded
surface (see Flatt et al., 2006 for a recent commentary on these experiments).
Khaimov-Mal’kov (1959a) repeated many of the earlier experiments on alum
and reported crystal growth against a stress of 20 kg cm-2 (~1.96 MPa) at 20%
supersaturation. Also using a dead weight approach, Keulen et al. (2001)
reported hydration of anhydrite to form gypsum, causing expansion against
stresses of up to ~11 MPa. However, by far the largest stresses measured to
date, at least to our knowledge, have been observed during CaO and MgO
hydration. In experiments reported by Ostapenko (1976), MgO samples were
tightly confined in steel cylinders and subsequently hydrated, causing the
sample to expand. This resulted in bulging or rupturing of the cylinders. The
FoC that developed was estimated on the basis of the strength of the steel, by
performing tests using cylinders of different wall thickness. The FoC-related
stress estimates obtained ranged from 20 to 200 MPa. Similarly, using high
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pressure expansion cells, Ghofrani and Plack (1993) found that swelling
cements based on CaO and MgO additives expand effectively against
hydrostatic pressures up to 120 MPa.
6.2.2

Thermodynamic models

6.2.2.1 Previous work
The first steps towards a thermodynamic treatment of the force of
crystallisation were made by Correns and Steinborn (1939). Based on chemical
potential and energy balance arguments, they derived an expression for
maximum stress generated as a function of supersaturation of the solution

phase ( S ), represented by S = c / c s , with c and c s solute concentrations in the

supersaturated and a saturated solution, respectively. The result obtained was:

σ eff =

RT
ln ( S )
Vm

(5.1)

where σ eff= σ n − P is the maximum effective stress generated due to

crystallisation, P is the fluid pressure, σ n is the normal stress on the loaded

surface of the growing crystal, R is the gas constant, T is the absolute
temperature, and Vm is the molar volume of the precipitating solid. Correns and

Steinborn (1939) further stated that, for a stressed crystal to continue to grow,
there must exist a solution phase that separates the loaded crystal face from its
constraint, as otherwise deposition of matter and growth in the load-bearing
interface would be impossible (cf. Correns, 1949; Scherer, 1999).
Several thermodynamic treatments and models have subsequently been
published (Everett, 1961; Khaimov-Mal’kov, 1959b; Scherer, 2004, 1999; Weyl,
1959). The models differ mainly in how the supersaturation ( S ) is defined, e.g.

in terms of solute activities, ion activity products, or in terms of the surface
curvature of neighbouring crystals. Steiger (2005a, 2005b) reviewed these
thermodynamic models and provided a comprehensive analysis, deriving an
equation for the FoC based on chemical potentials of stressed and unstressed
crystal faces, demonstrating the equivalence of the previous expressions, and
considering effects of non-ideal behaviour of the solution phase.
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The thermodynamic models discussed above consider direct precipitation from
a (typically stoichiometrically) supersaturated solution, as investigated in the
bulk of quantitative experimental studies to date (Section 6.6.2.1). Though
without explicitly stating the steps involved, a number of studies (Kelemen and
Hirth, 2012; Kelemen et al., 2011; Ostapenko, 1976) have generalised these
models to include more complex chemical reactions, obtaining the result

σ eff = −

∆Gr
∆Vs

(5.2)

where ∆Gr is the Gibbs energy change of reaction and ∆Vs denotes the solid

volume change associated with the reaction per mole (cf. Equation E5 of
Kelemen and Hirth, 2012). To our knowledge, these models have not been
experimentally verified.

6.2.2.2 Model for FoC development and application to CaO hydration
We will now explicitly derive a similar expression to Equation 5.2 and
subsequently apply the result to CaO hydration, which is the target of our
experiments. Throughout, we adopt the convention that compressive stresses
and volume expansions are measured positive. In deriving the model, it is
assumed that reaction will not be inhibited by clogging of transport pathways,
by sealing of grain boundaries, or by stress-driven expulsion of the solution
phase from grain boundaries. In other words, it is assumed that a solution
phase remains present in the loaded interfaces (cf. Correns, 1949; Scherer,
1999). This may, for instance, be in the form of thin films or microscale
channels, observed to occur during stress-driven dissolution or pressure
solution (de Meer et al., 2005, 2002; van Noort et al., 2008a, 2007). The initial
solid (CaO powder in our experiments) will be considered to consist of a single,
pure phase. Reaction will be treated as a replacement process, i.e. with solid
products and reactants in contact across fluid-filled grain boundaries and
therefore experiencing the same stress. The aqueous solution phase present in
the open pores is assumed to be well mixed and to exist at a reference pressure
( P ) and temperature ( T ). Prior to any reaction, the initial solid phase is
assumed to be in mechanical and thermal equilibrium with this solution phase,
i.e. also characterized by a hydrostatic stress state of magnitude P and
temperature T . In addition, we assume that reaction occurs under isothermal
conditions and that no other dissipative processes operate in the system.
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Under hydrostatic reference conditions ( P ,T ), the Gibbs free energy change of

reaction (i.e. the thermodynamic driving force) for any given reaction involving
I solid phases and J components in the solution phase can be written as
J
PT
i i
=i 1=j 1

PT
∆ r G=

I

∑ν µ

+ ∑ν j µ PT
j

(5.3)

Here, ν are stoichiometric coefficients for the I solid phases and J components

in the solution phase participating in reaction, while µ PT are the chemical

potentials of these components in the hydrostatic reference state ( P ,T ). Of

course,ν is positive for reaction products and negative for reactants.

If the growth of the solid products is restricted by a zero or limited
displacement boundary condition, then reaction will lead to the build-up of a
normal stress at the interfaces of the product and reactant grains. This stress is
assumed to be isotropic and of magnitude σ . Assuming drained conditions, i.e.

that the fluid phase remains at the initial pressure P , ongoing reaction in the
stressed state will be associated with the free energy change (cf. Equation 5.3)
J
T
i i
=i 1=j 1

σT
∆ r G=

I

∑ν µ σ + ∑ν

j

µ (jσ )PT

(5.4)

Here, µiσ T are chemical potentials of the solid phases at the hydrostatic stress σ

and temperature T , while µ (jσ )PT are chemical potentials of the components
present in the solution phase, which in general will be different compared with
the initial ( P ,T ) conditions due to changes in their concentration in the

stressed state.

As constricted reaction proceeds, the stress experienced by the solid phases
will continue to increase, until the stressed solids are in equilibrium with the
components present in the solution phase, i.e. until ∆ r Gσ T =
0 . Putting this into

Equation 5.4 and making use of Equation 5.3, the change in total free energy of
the solid phases in the hydrostatically stressed state ( σ ,T ) compared with the

reference state ( P ,T ) can be written as
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j
PT
T
PT
i
r
i
i
i 1=j 1
)

∑ν ( µ σ

−µ

) = −∆ G

− ∑ν j ( µ (jσ )PT − µ PT
j )

(5.5)

For solid phases, the chemical potential is a surface property (Gibbs, 1928),
which from thermodynamic treatments of stressed solids (de Boer, 1977;
Gibbs, 1928; Kamb, 1961, 1959; Lehner, 1995, 1990; McLellan, 1968; Paterson,
1973) can be related to the normal stress ( σ ) acting on the crystal surface via:

µiσ T ≈ fiσ T + σ Vmσ,Ti

(5.6)

Here, fiσ T and Vmσ,Ti denote the molar Helmholtz free energy and molar volume of

solid i in the stressed state (e.g. Lehner, 1990). For the hydrostatic reference

PT
fi PT + PVmPT,i . Considering elastic strain of the
conditions ( P ,T ), we have µ=
i

solids, the molar volume of the solid in the stressed state ( σ ,T ) can be written

in terms of the molar volume of the solid under hydrostatic conditions ( P ,T ),
yielding

Vmσ,Ti = VmPT,i + ∆Vm ,i with ∆Vm ,i = −

VmPT,i
Bi

(σ − P )

(5.7)

where ∆Vm ,i is the difference in molar volume between the stressed and

unstressed solid, and Bi is the bulk modulus of the solid. The energy associated

with elastic strain of the stressed solid contributes to its molar Helmholtz free
energy, for which we may correspondingly write

fiσ T = fi PT + ∆fi with ∆fi = −

σ VmP,i eV
2

=−

σ∆Vm ,i
2

(5.8)

Where ∆fi is the difference in molar Helmholtz free energy between the
stressed and unstressed solid, and eV is the volumetric strain associated with

application of hydrostatic stress σ . Equations 5.5, 5.6, 5.7 and 5.8 can be
combined to obtain

j
)
σ  PT

(σ − P ) ∑ν i  1 −
Vm ,i = −∆ r G PT − ∑ν j ( µ (jσ )PT − µ PT

j )
i 1=
j 1
 2Bi 
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For FoC-induced stresses of up to a few GPa, the terms σ /(2Bi ) will be small

(given typical bulk moduli in the range of 10s to 100s of GPa). As such it is
easily shown that small differences in elastic strain between the stressed and

unstressed solids may be neglected. Taking fiσ T ≈ fi PT and Vmσ,Ti ≈ VmPT,i , Equation

5.9 simplifies to

σ eff =
σ −P =
−

1

 ∆ G PT + ∑ν j ( µ (jσ )PT − µ PT

j )
PT  r
ν
V
∑ i m,i

(5.10)

This gives the maximum effective normal stress that can develop due to
precipitation of a confined solid product phase, i.e. the stress attained at
equilibrium or the stress required to remove the driving force for further
reaction. Note that Equation 5.10 corresponds to Equation 5.2 only if reactioninduced changes in the chemical potentials of the components present in the
solution phase can be neglected, which in general is by no means clear, for
example when considering complex chemical reactions.

Let us now apply Equation 5.10 to the specific case of CaO hydration. When CaO
is exposed to water, this will lead to the formation of Ca(OH)2 (portlandite).
Two different reaction mechanisms have been reported for this hydration,
namely a) “vapour phase hydration”, which occurs via a pseudomorphic,
topotactic, solid-state transformation involving an intermediate, disordered
Ca(OH)2 phase (Beruto et al., 1981; Glasson, 1958a; Kudłacz and RodriguezNavarro, 2014a), and b) so-called “through-solution” or “wet hydration”. For
this second mechanism, it is at present unclear whether a) the CaO first
dissolves in the solution phase (water) and subsequently precipitates as
Ca(OH)2 (Birss and Thorvaldson, 1955; Marbun, 2006; Ramachandran et al.,
1964; Wolter et al., 2004), or b) direct conversion of CaO into Ca(OH)2 occurs,
as in vapour phase hydration, followed by (partial) dissolution (and reprecipitation) of the Ca(OH)2 formed (Birss and Thorvaldson, 1955; Sun et al.,
2012).
In the confined experiments reported here, “wet hydration” is considered the
most likely mechanism, at least initially, as reaction was initiated by vacuuminjecting liquid water into the sample chamber. Assuming a stoichiometrically
balanced chemical reaction (as expressed in Equations 5.3 and 5.10), we now
have to consider the two possible reaction pathways for the wet hydration
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process discussed above. If this process involves a true dissolutionprecipitation mechanism (e.g. Ramachandran et al., 1964), and we allow for
complete reaction being prevented by stress build-up, then we must have
+
−
CaO( s ) + (2O( l ) ⇒ Ca(2aq
) + 2O(( aq ) and

+
−
α Ca(2aq
) + 2α O(( aq ) ⇔ α Ca(O()2 ( s ) , which on adding yield

CaO( s ) + (2O( l ) ⇒ α Ca(O()2 ( s ) + (1 − α ) Ca

2+
( aq )

+ 2(1 − α ) O(

−
( aq )

(5.11a)

where, per mole of CaO that dissolves, α moles of Ca(OH)2 precipitate, with

α ≤ 1 . Alternatively, if wet hydration would involve direct transformation of

CaO into Ca(OH)2 (e.g. Sun et al., 2012), then we must have
CaO( s ) + (2O( l ) ⇒ Ca(O()2 ( s ) and

+
−
(1 − α ) Ca(O()2 ( s ) ⇔ (1 − α ) Ca(2aq
) + ( 1 − α ) O(( aq )

which on adding yield

+
−
CaO( s ) + (2O( l ) ⇒ α Ca(O()2 ( s ) + (1 − α ) Ca(2aq
) + 2 ( 1 − α ) O(( aq )

(5.11b)

where, per mole of CaO that converts, ( 1 − α ) moles of the Ca(OH)2 formed

subsequently dissolves, again with α ≤ 1 . Note that Equations 5.11a and 5.11b

yield the same net reaction, regardless of the specific pathway. The value of α

will depend on various system properties, such as the fluid composition and the
effective fluid-to-solid ratio. Considering the overall transfer of mass that is
involved in attaining equilibrium, i.e. in going from the initial, hydrostatic
reference state ( P ,T ) to the stressed equilibrium state ( σ ,T ), the final
equilibrium state must be such that the Ca2+ and OH- concentrations in the fluid
(or, rather, their chemical activities) are in equilibrium with the solids, so that
at least some dissolved material remains in solution, with α < 1 . However, given

the low solubility of Ca(OH)2 (e.g. Duchesne and Reardon, 1995), combined
with low fluid-to-rock ratios characterizing the experiments reported here, we
expect that taking α ≈ 1 will not introduce significant error. In other words, the
mass of calcium hydroxide stored in the solution phase will be negligible
compared with that precipitated. Making the assumption α ≈ 1 , Equation 5.11
simplifies to

CaO( s ) + H2O( l ) ⇒ Ca(OH)2 ( s )
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and, in turn, means that Equation 5.10 can be simplified and rewritten as

σ eff =

PT
PT
∆ f GCaO
+ ∆ f GHPT2O − ∆ f GCa(OH)
2

(5.13)

VmPT,Ca(OH)2 − VmPT,CaO

where ∆ r G PT is now expressed in terms of the Gibbs energies of formation

( ∆ f G PT ) of the subscripted chemical species at the reference P ,T conditions.
This result is essentially equivalent to Equation 5.2 (cf. Equation E5 of Kelemen
and Hirth, 2012). However, note that, it rests on the assumption that α = 1 , i.e.

it neglects compositional change in the solution phase, as well as neglecting
stress-induced changes in fi and Vm ,i .

The standard molar thermodynamic properties of the chemical species
involved (i.e. in Equation 5.12) can be found for P = 0.1 MPa (1 bar) and
T = 298.15 K (25 °C) in the papers by Matschei et al. (2007) and Lothenbach et
al. (2008), and are listed in Table 6.1. Following Lothenbach et al. (2008), the
corresponding values at 65 °C were calculated using the relation (Anderson and
Crerar, 1993)
T


∆ f GT =
∆ f GT0 − ST0 (T − T0 ) − β0  T ln − T + T0 
T0


− β1

(T − T0 )
2

2

− β2

(T − T0 )
2TT02

2

− β3

2

(

T − T0

)

2

T0

(5.14)

where T0 is the reference (standard) temperature (298.15 K) and β x ( x = 0, 1, 2,

3) are empirical coefficients of a heat capacity equation of the form
C P (T ) =β0 + β1T + β2T −2 + β3T −0.5 .

Using Equation 5.13 with the thermodynamic data in Table 6.1, it is
straightforward to calculate the maximum stress that can develop at the surface
of a confined crystal of portlandite [Ca(OH)2] growing as a result of CaO
hydration under initial conditions ( P ,T ). Doing so for reaction at 65 °C and

atmospheric fluid pressure yields a value of ~3.4 GPa.
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Table 6.1: Standard molar thermodynamic properties at 298.15 K and 0.1 MPa
Property
∆𝑓𝑓 𝐺𝐺𝑇𝑇○0
∆𝑓𝑓 𝐻𝐻𝑇𝑇○0
𝑆𝑆𝑇𝑇○0
𝑉𝑉𝑚𝑚○
𝛽𝛽0
𝛽𝛽1
𝛽𝛽2
𝛽𝛽3

[kJ mol-1]
[kJ
[J

mol-1]

K-1

mol-1]

[cm3 mol-1]
[J K-1 mol-1]
[J K-2 mol-1]
[J K mol-1]
[J K-0.5 mol-1]

CaO

Ca(OH)2

H2O

-6.04∙102

-8.97∙102

-2.372∙102

17
49
4∙10-3
-6.53∙105
00

33
1.87∙102
-2.20∙10-2
00
-1.60∙103

-6.35∙102

39

Data from Matschei et al. (2007)

-9.85∙102
83

-2.860∙102

70

18
75
00
00
00

6.3 Experimental methods

To measure the force of crystallisation that is generated during CaO hydration,
we performed compaction/expansion experiments on CaO powder at a
temperature of 65 °C, representative for shallow crustal reservoirs, using a
uniaxial deformation (oedometer-type) setup located in an Instron loading
frame. After dry precompaction, the sample assembly containing the CaO
aggregate was flooded with water, initiating the hydration reaction. Three
types of experiments were performed, namely a) position-control experiments,
in which the Instron position was fixed so as to restrict sample expansion as
much as possible, thus allowing a force of crystallisation to develop, b) loadlimit experiments, in which the Instron was programmed to initially maintain a
fixed position, but switched to load-control mode once the FoC-induced axial
stress attained a pre-set threshold value, and c) constant-load experiments,
where the Instron load was fixed, allowing measurement of CaO hydrationinduced expansion against a constant axial force (and hence stress). A complete
list of the experiments performed, together with key experimental data, is given
in Table 6.2.

6.3.1 Sample material and assembly
The CaO powder used in this study was prepared from Carrara marble (high
purity CaCO3), which for this purpose was crushed and sieved to a grain size of
90 to 150 μm. Prior to each experiment, a batch of marble powder was calcined
at 1100 °C for ~16h. The calcined powder was retrieved after allowing the
furnace to cool to ~350 °C. After thorough mixing and disaggregation of the
CaO powder obtained, some 120 to 360 mg was located in the sample assembly,
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depending on desired sample thickness. This assembly consisted of a small
compaction die furnished with upper and lower loading pistons (outer
diameter 19.8 mm, bore diameter 9.8 mm – Figure 6.1a), all constructed from
Monel K-500, a corrosion resistant nickel-copper alloy. The top piston of the
assembly contained a central bore and was tipped with a stainless steel porous
plate (Figure 6.1a) to provide pore fluid access to the sample during the
experiments. The bottom piston was solid. Note that before loading the sample
into the sample assembly, the assembly was oven-dried overnight at 50 °C.
Table 6.2: Summary of experiments performed
Test
No.

m0
[mg]

L0
[mm]

φ0
[%]

σ0
[MPa]

σTH
[MPa]

σ5h
[MPa]

ΔL5h
[mm]

σmax
[MPa]

ΔLmax
[mm]

A01

355.8

2.19

35.4

~1.3

250

128.0

0.242

133.8

0.247

A04

177.3

1.11

36.8

~1.3

250

97.1

0.212

98.2

0.213

A02
A03
A05
A06
A07
A08
A09
A10
A11
A12
A13
A14

355.1
176.9
124.8
124.9
121.2
353.4
347.5
351.7
123.8
123.1
120.8
352.7

2.18
1.11
0.70
0.68
0.69
2.34
2.14
2.09
0.65
0.66
0.71
2.10

35.3
36.8
29.0
27.4
30.4
40.0

~1.3
~1.3
~1.3
60

120
90

35.6

~1.3

25.7

120

33.1
24.9
32.1
33.3

~1.3
60

225
225

250
250
250

132.9
94.1
92.9

250

141.6

30

TH-30

CL-120

CL-120

250
250
60

CL-60

CL-225
CL-225

146.0
131.3

TH-60
CL-60

CL-225
CL-225

0.245
0.205
0.196

138.2
95.5
96.4

0.096

151.4

0.609

TH-30

0.023

CL-120

0.035
0.057
0.288
0.111

-0.043
-0.042

152.5
135.6

TH-60
CL-60
-

0.248
0.206
0.198
0.104
0.039
0.060
0.611
0.435
0.156
0.030
-

CL denotes constant-load mode experiment: Instron at σ = σ0 throughout test; TH denotes
transfer-and-hold experiments: when transfer-load attained Instron operation is switched to
constant-load mode at σ = σTH. The quantity m0 denotes initial sample mass, L0 is the initial
sample length, φ0 is the initial sample porosity, σ0 denotes initial axial stress applied to the
sample, σTH is the stress-limit where Instron loading frame will transfer from fixed positionmode to constant load mode, σ5h is the axial stress after 5 h, ΔL5h is the axial displacement
after 5 h, σmax is the maximum axial stress, ΔLmax is the maximum axial displacement.

6.3.2 Experimental setup
The CaO hydration experiments were performed by placing the sample
assembly/die into an externally heated, uniaxial compaction apparatus (Figure
6.1b), applying load by means of an Instron 8862 servo-controlled testing
machine (Figure 6.1c) – see Schutjens (1991) and Pluymakers et al. (2014). The
compaction apparatus consists of a pressure vessel with a fixed bottom piston
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and movable top piston, constructed from Monel K-500. The diameter of the
vessel bore and loading pistons are nominally 20 mm, with the sample
assembly described above fitting closely inside (Figure 6.1a). Sealing of the
loading piston in the main compaction vessel was achieved using Viton O-rings.
Pore fluid was supplied to the sample assembly via a central bore in the top
piston. The force applied to the sample assembly via the top piston was
measured externally, using the Instron load cell (100 kN range, resolution
± 0.05 kN), while that supported by the bottom piston was measured using an
internal load cell located in the bottom piston of the main compaction vessel
(100 kN range, resolution ± 0.05 kN). Displacement of the main vessel piston
relative to the main vessel was measured externally using a linear variable
differential transformer (LVDT; range ± 1 mm, resolution, ± 1 μm), mounted
between the top piston and the top of the pressure vessel (Figure 6.1b).
Experiment temperature was regulated to within ± 0.5 °C using a K-type
chromel-alumel thermocouple, located between the furnace windings,
connected to a proportional-integral-derivative controller. Sample temperature
was measured using a second K-type thermocouple, embedded in the vessel
wall close to the sample position.

Figure 6.1: Schematic of the sample assembly and uniaxial deformation apparatus, (a)
sample assembly with CaO powder sample, (b) main uniaxial deformation vessel, and (c)
Instron loading frame. LVDT = linear variable differential transformer.

6.3.3 Testing procedure
In each experiment, the CaO-loaded sample assembly (Figure 6.1a) was first
precompacted outside the main compaction vessel for 1 h at 250 MPa axial
stress, under lab dry conditions. This was done by directly loading the sample
assembly/die using only the Instron loading frame, and produced disc-shaped
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CaO aggregates. The top piston of the sample assembly was then extracted to
remove powder adhering to the piston and sample vessel bore. After returning
the top piston, the sample assembly was weighed to determine the mass of CaO
powder ( m0 – Table 6.2) present in the sample assembly. The assembly was

then carefully lowered into the main deformation apparatus and the
corresponding top piston was inserted until close to touch (Figure 6.1b). This
was done on the bench. Note this main top piston was dried overnight (at 50
°C) prior to each experiment. The main vessel was then installed in the Instron
loading frame (Figure 6.1c) and the Instron loading ram advanced to apply and
maintain a small, constant load of 0.1 kN, corresponding to ~1.3 MPa axial
stress. The apparatus was then heated to 65 °C over the course of ~3 h, in loadcontrol mode. After reaching a stable target temperature, the Instron ram was
retracted in position-control mode, creating a ~1 mm gap between the loading
frame and the top piston, to establish the zero-value of the external force signal.
The original small load was then reapplied in load-control mode. The dry
samples were then subjected to a second precompaction stage. This involved a)
loading the sample to an effective axial stress of 250 MPa, by increasing the
applied force linearly over 5 min, b) maintaining this stress for ~5 min, and
then c) unloading to the initial load (~1.3 MPa), again over 5 min.
Following this second precompaction stage, the samples were placed under the
desired initial effective stress ( σ a ,0 ), using a 5 min-duration, linear load ramp,

in experiments where σ a ,0 > 1.3 MPa, establishing a corresponding initial piston
position ( x0 ) at the chosen stress (note that in experiments A02, A03, A04 and

A09, this reference position was established without first performing the

second precompaction stage). The thicknesses ( L0 ) and porosities ( φ0 ) of the

samples at this point are listed in Table 6.2.

From this point in the experiments, the testing procedure employed differed
slightly between the three types of test. For the position-control (A01–A08) and
load-limit experiments (A09, A10), operation of the Instron loading frame was
transferred to position-control mode prior to the start of the experiment.
However, the Instron loading frame was programmed such that the operation
mode would switch from position-control back to load-control once a specified
load was attained. While merely a safety measure in the position-control
experiments, this transfer in operation mode was actively employed in the
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load-limit experiments, by applying lower load limits, corresponding to an axial

stress σ TH (Table 6.2). In the case of the load-control experiments (A11–A14),
the Instron was operated in load-control mode from the start, maintaining the
initial effective stress ( σ a ,0 ) throughout the hydration experiment.

In all three types of experiments, measurement was initiated by vacuuminjecting water into the upper piston plus sample assembly at t = 0. To ensure
the sample was saturated with water, the pore fluid system was briefly
pressurized to ~10 MPa, using a hand pump. This pressurized state lasted for a
few tens of seconds before the pressure was released, maintaining an open
connection to atmospheric (lab air) pressure throughout the remainder of the
experiment. Upon experiment termination, the sample was unloaded fully. This
was done by retracting the Instron loading ram to create a ~1 mm gap between
it and the top piston of the deformation apparatus. Subsequently, the furnace
was switched off and the deformation apparatus was allowed to cool for 1 to 2
h before retrieving the sample assembly.
6.3.4 Data acquisition and processing
During each experiment, the external and internal load, Instron position, local
position (displacement between the upper piston and main vessel) and
temperature were logged every second, using a 16-bit National Instruments
data acquisition system and VI Logger software. Data processing yielded
effective axial stress ( σ a ) and axial strain ( ea ). The effective axial stress was

measured directly using the external load cell signal, as the fluid pressure was
atmospheric. The displacement and strain data were corrected for distortion of
the deformation apparatus and Instron loading frame using predetermined
stiffness calibrations, obtained at experimental temperature. Note that the axial
strain was defined in terms of the engineering strain ea = ∆L / L0 , where L0

denotes the reference (initial) thickness of the sample (Table 6.2), and ∆L
represents the finite axial displacement associated with the expansion or
compaction of the sample at a given moment, i.e. the thickness change of the
sample, corrected for machine effects. The initial sample porosity ( φ0 ), i.e. that
of the dry CaO aggregate, was estimated using φ0 = 1 − m0 /( ρCaO L0 A) , where m0

denotes sample mass, ρCaO is the density of pure CaO (3340 kg m-3), and A is the

cross-sectional area of the sample assembly bore (7.543∙10-5 m2 – Figure 6.1a).
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Sample porosity evolution after addition of water ( φ ) could not be determined,

as the experimental design/setup did not allow for changes in pore volume to
be distinguished from hydration-induced changes in solid volume.

6.3.5 Microstructural analysis
After retrieving the sample assembly from the deformation apparatus, the top
piston of the assembly was removed and the sample plus bottom piston were
carefully pushed out to minimise sample disturbance. The samples were then
dried in a furnace at 50 °C for ~12 h, and subsequently stored in individual
containers. Selected samples were studied optically and using scanning
electron microscopy (SEM). To obtain cross-sections through the disc-shaped
samples, these were broken axially using a razor blade and subsequently
mounted on a SEM stub using carbon paint. In addition, samples of our CaO
starting material (i.e. the calcination product of Carrara marble) were
characterized by means of SEM, thermogravimetric analysis (TGA), and laser
diffraction particle size distribution analysis.

6.4 Results and analysis

6.4.1 Mechanical data
In the following, compressive axial stresses and dilatant axial strains ( ea ), i.e.

sample expansion, are taken as positive. The maximum force of crystallisation

was defined as the maximum axial stress ( σ max ) measured while the sample

showed a positive axial displacement ( ∆L ), i.e. net expansion, with ∆Lmax

denoting the greatest axial expansion observed. In addition, the displacement
and effective axial stress supported by the hydrating CaO samples at t = 5 h
were also employed as measures for the force of crystallisation. The key
mechanical data obtained in the experiments are summarized in Table 6.2.

6.4.1.1 Constant-position experiments
Figures 6.2a and 6.2b show effective axial stress and axial strain versus time
data, respectively, obtained from hydration experiments A01, A02, A03, A04
and A05 (Table 6.2). These tests were performed with the Instron loading
frame in position-control mode, imposing an initial (effective) axial stress

( σ a ,0 ) of ~1.3 MPa and using an axial stress limit ( σ TH ) of 250 MPa. Note that

A01, A02, A03 and A04 were characterized by initial porosities ranging from
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35.4 to 36.8%, whereas sample A05 was precompacted slightly further, with

φ0 = 29.0%. However, the main variable in this subset of experiments was initial

sample thickness ( L0 ), which varied from 2.18 mm in samples A01 and A02, to
1.11 mm in sample A03

Figure 6.2: Mechanical data obtained from CaO hydration experiments performed in
position-control mode, with an initial effective axial stress (σ0) of ~1.3 MPa (A01, A02, A03,
A04 and A05 – Table 6.2). (a) Axial stress versus time, (b) axial strain developed in the
samples versus time, (c) axial stress versus axial displacement (expansion) of the sample, and
(d) axial strain in the samples after 5 h versus one over initial sample length.

and A04, and 0.7 mm in A05 (Table 6.2). In all five experiments, vacuuminjection of water into the CaO sample resulted in the rapid development of an
axial stress, attaining values >75 MPa within 30 min (Figure 6.2a). At 5 h of
reaction, axial stresses ranged from ~95 MPa for samples of L0 <1.2 mm (A03,

A04 and A05) to ~135 MPa in experiments with L0 = 2.18 mm (A01 and A02).
The σ max values also increased with increasing L0 (Figure 6.2a; Table 6.2).
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Conversely, the swelling strains ( ea ) decreased with increasing initial sample

thickness (Figure 6.2b). Figure 6.2c shows axial stress versus axial expansion
( ∆L ) of the samples generated by hydration. Note that the data obtained in
experiments A01, A02, A03, A04 and A05 all plot on the same trend, regardless
of initial sample thickness or porosity. This is because, rather than sample
behaviour, the stress-strain relationship reflects the finite stiffness of the
deformation apparatus and Instron loading frame. Due to elastic distortion with
increasing axial stress, it was impossible to confine the samples perfectly (i.e.
impose fixed-position boundary conditions on the sample directly). This
implies that the stiffness of the machine determined how much the sample had
to expand before the axial stress could increase further, resulting in the stressdisplacement shown in Figure 6.2c. Figure 6.2d shows axial swelling strain
measured after 5 h of hydration versus the reciprocal of the initial sample
thickness. The data produced a linear trend, described ∆L5=
0.174 + 0.031L0 .
h

Since machine distortion was a factor in our measurements (Figure 6.2c), we
performed a number of position-control experiments at higher initial axial
stress (A06, A07 and A08, with σ a ,0 of 60, 120 and 90 MPa, respectively – Table

6.2). This was done in order to increase the (load-dependent) stiffness of the
deformation apparatus, allowing us to assess the effect of improved
confinement of the hydrating CaO samples. The results are shown in Figure 6.3,
which depicts effective axial stress and axial strain versus time data for these
three experiments, together with the data from A01 and A05 for reference
purposes. Note that the initial sample thickness and porosity were ~0.7 mm

and ~30% in A05, A06 and A07, whereas L0 and φ0 measured 2.1-2.3 mm and

35-40% in A01 and A08. In general, the axial stresses generated were larger
with increasing σ a ,0 , reaching 146 MPa after 5 h of hydration in A07 (Figure

6.3a). However, note that the initial response of the samples reacted at σ a ,0

values of 60 to 120 MPa was to compact, as evidenced by small decreases in

axial stress at t <1 min (Figure 6.3b). Figure 6.3c shows σ a versus ∆L data (cf.
Figure 6.2c), illustrating the machine behaviour. Note that machine stiffness
(i.e. the slope of the curves) is constant for a given axial stress. Further note
that samples A01 and A08, with comparable L0 and φ0 , produced comparable
axial stresses, while higher σ a ,0 resulted in larger stresses to build up in tests
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A01, A06 and A07. In both sets of experiments, however, axial strain decreased
with increasing initial axial stress (Figure 6.3d).

Figure 6.3: Mechanical data obtained from CaO hydration experiments performed in
position-control mode, with an initial effective axial stress (σ0) of 60, 90 or 120 MPa (A07,
A08 and A09, respectively – Table 6.2). (a,b) Axial stress versus time. (c) Axial stress versus
axial displacement (expansion) of the sample, and (d) axial strain of the sample versus time.

6.4.1.2 Load-limit experiments
At the start of measurement, load-limit experiments A09 and A10 showed
comparable behaviour to position-control experiments A01 and A02. In A09
and A10, however, Instron operation was transferred to load-control mode
once axial stresses of 30 and 60 MPa were attained. From that point onward,
the axial load was maintained constant at these values, allowing the samples to
expand further at constant stress. Runs A01, A02, A09 and A010 all employed
an initial axial load of ~1.3 MPa as well as samples with comparable L0 and φ0 ,
ranging respectively from 2.09 to 2.18 mm and from 33 to 36% (Table 6.2).
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Figure 6.4 shows axial stress and strain versus time data for these experiments,
where Figure 6.4a and 6.4b show the complete measurements, and Figure 6.4c
and 6.4d show axial stress and strain evolution during the first hour of
hydration. In both experiments A09 and A10, transfer to load-control occurred
early on in the measurements ( t <10 min). Maintaining the axial stress at 30

MPa in A09 resulted in rapid expansion, with a sample strain of nearly 27.5%
developing within 1 h and reaching a maximum value of 28.5% after 173 min.
Note that the sample subsequently compacted, with axial strain slowly
decreasing to 28.3% at test termination after ~17h of measurement. Compared
to A09, maintaining the axial stress at 60 MPa in A10 resulted in reduced axial
strain, attaining ~11% after 1 h. However, slow expansion of the sample
against the constant stress limit continued for the duration of the test, reaching
20.9% upon termination at t ≈ 65 h.

Figure 6.4: Mechanical data obtained from the performed load-limit experiments; (a, c) axial
stress versus time; (b, d) axial strain of the samples versus time.
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6.4.1.3 Constant-load experiments
Figure 6.5a shows the axial strain versus time data obtained for experiments
A11, A12, A13 and A14, in which the CaO samples were exposed to water with
the Instron in load-control mode from the onset (Table 6.2). Experiments A11,
A12 and A13 were performed on CaO samples with L0 of about 0.7 mm, and

employed operating loads corresponding to axial stresses of 60, 120 and 225
MPa, respectively. Conversely, sample A14 had an initial thickness of ~2.1 mm,
and was tested under an axial stress of 225 MPa. The samples exposed to water
under a constant axial stress of 60 or 120 MPa (A11 and A12), i.e. stresses
lower than the force of crystallisation that was generated in the constantposition experiments (Section 6.4.1.1), showed sample expansion with time
(Figure 6.5a). Conversely, the CaO samples hydrated under 225 MPa axial stress
(A13 and A14) showed compaction, whereby compactive displacement
appeared to be independent of L0 , showing the same amount of displacement
for the 0.7 and 2.1 mm thick samples (Figure 6.5b).

Figure 6.5: Mechanical data obtained from CaO hydration experiments performed in loadcontrol mode, imposing a constant axial stress of 60 (A11), 120 (A12) or 225 MPa (A13 and
A14 – Table 6.2). (a) axial strain in the samples versus time; (b) axial displacement
(expansion) of the samples versus time.

6.4.2

Microstructural and chemical data

6.4.2.1 Characterization of the starting CaO material
Representative samples of the calcined powder used in the FoC experiments
were analysed using a laser diffraction particle sizer technique, SEM and TGA,
to characterize the CaO starting material. The apparent grainsize was
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determined using a Malvern Instruments Mastersizer S long bed instrument,
using hexane as the dispersing fluid to minimise hydration during analysis. In
four consecutive measurements on the same powder sample, the mean
grainsize decreased from 144 to 93 μm while the grainsize distribution
narrowed (Figure 6.6). The third and fourth Malvern measurements gave
comparable results, with a grainsize distribution of roughly 95 ± 60 μm. SEM
observations showed that these “grains” consisted of sintered clusters of about
1 to 5 μm large particles (Figure 6.7a,b). Accordingly, the grainsize evolution as
seen in the Malvern particle sizer data (Figure 6.6) likely reflected
disintegration of these agglomerates of sintered particles, falling apart as the
dispersing fluid was agitated. As such, the character of the CaO samples is
better defined by the 1 to 5 μm large particles (Figure 6.7c), than by the clusters
these particles comprise.

Figure 6.6: Apparent grainsize of the CaO starting material as determined using a Malvern
Instruments Mastersizer S long bed particle sizer instrument. Four consecutive
measurements on the same powder sample are shown. The third and fourth measurements
gave comparable results, with a mean grainsize of roughly 95 ± 60 μm.

Possible hydration and carbonation of the CaO powder samples during
experiment preparation and initial precompaction, i.e. before water injection
and starting the force of crystallisation measurement, were investigated using
TGA. Contamination by hydration or carbonation prior to testing was minor,
with the analysis of a powder that experienced the same preparation procedure
as the samples that were hydrated in the deformation apparatus yielding
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Ca(OH)2 and CaCO3 contents of <1 wt%, calculated in terms of CaO equivalents
(Taylor, 1992).

Figure 6.7: Secondary electron SEM micrographs of a representative sample of the calcined
CaO material used in the present experiments, imaged at different magnifications (a-c). Note
that these images are representative for the material prior to precompaction.

6.4.2.2 Post-experiment observations on the hydrated samples
Upon removal from the sample assembly, the top side of all samples appeared
white or light greyish, glassy and translucent. In some samples, the bottom side
was dull and opaque by comparison. However, this zonation was generally not
stable, with the white-greyish colouration sometimes visibly migrating
downwards through the samples after their retrieval. This presumably
reflected ongoing hydration, making it difficult to assess confidently which
characteristics of the samples were representative of their condition during the
FoC measurements, i.e. under load, and which features were post-experimental
artefacts, produced a) via subsequent hydration during the unloading and
cooling of the deformation apparatus, or b) during sample retrieval and
preparation for microstructural analysis.

Samples A03, A04, A05 and A09 formed cohesive pellets (e.g. Figure 6.8a),
which could easily be retrieved intact. When broken using a razor blade, these
samples often displayed a sub-optical, crystalline texture (Figure 6.8b), in some
cases featuring (remnants of) axially oriented, reaction front-like structures
(Figure 6.8c). Note that all four these samples experienced axial stresses of
<100 MPa (cf. σ max in Table 6.2). Samples A01, A02, A06, A07, A011, A012,

A013 and A014, were more friable. While some of these samples could be
obtained relatively intact, most disintegrated into disc-fractured fragments and
powder, either upon sample retrieval, or else, more often, sometime after
(Figure 6.8d). Notable is that the white, opaque material at the bottom side of
the samples was generally less consolidated and disintegrated into a powder,
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whereas the white-greyish, translucent material on the top side formed thin
(typically 100 to 500 μm thick) discs that were more cohesive and remained
largely intact (Figure 6.8e). Sample A10 was lost and could not be studied
microstructurally.

Figure 6.8: Optical microscopy images of the hydrated samples. (a) Sample A04, as an
example of samples that could be retrieved as wholly cohesive pellets. (b) Broken surface of
Sample A03, showing microcrystalline texture. (c) Broken surface of Sample A09, showing
microcrystalline, dense structure with faint horizontal zonation. (d) Photograph of sample
A01 on SEM stub, exemplifying post-experiment spalling and disintegration of the samples.
(e) Photograph of Sample A07, as an example of samples that fell apart upon retrieval,
showing a more cohesive top part and a completely disintegrated bottom half.
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Figure 6.9: Secondary electron SEM micrographs of samples A01 (a-c) and A09 (d-f). (a) Part
of sample A01, showing a 150-200 µm wide, dense, periodically jointed layer at the top of the
image and a heavily fractured, more porous zone below it. Note that water entered the sample
from the top. (b) Zoom of the very dense top layer in sample A01, showing a feather-like
morphology. (c) Zoom of the fractured, more porous bottom part of sample A01, showing
otherwise similar morphology to the top part. (d) Typical view of the microstructure of
sample A09, representative for all zones seen in Figure 6.8c. (e) Zoom of sample A09, showing
a dense, feather-like morphology similar to that seen in sample A01. (f) Submicron-sized
hexagonal crystals, which based on morphology, are likely portlandite.
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Samples A01 and A09 were studied using SEM. Focussing on sample A01, the
most prominent feature was a 150-200 µm wide zone of dense material,
present along the top side of the sample, which was most directly exposed to
water during testing. This low porosity zone was broken up into regular
segments (Figure 6.9a), and consisted of a fine grained, fibrous material (Figure
6.9b). The remainder of A01 was heavily fractured/jointed (Figure 6.9c).
Considering that the sample spalled apart, after it was cut, mounted on a stub
and Pt-coated, and before it was studied using SEM (Figure 6.8d), these joints
may have represented post-experimental hydration, which could also have
caused the regular breakup of the top part. Besides being heavily fractured, the
bulk of A01 broadly resembled the low porosity zone at the top side, consisting
of a similar, fibrous material (Figure 6.9c). Turning to sample A09, the reaction
front-like structure present, clearly visible by visual inspection, and detectable
under the optical microscope (Figure 6.8c), could not be distinguished using
SEM. The microstructure consisted mostly of fibrous material, not unlike that
seen in sample A01 (Figure 6.9d). In addition to the fibrous material (Figure
6.9e), rare, submicron-sized, hexagonal platelets could locally be distinguished
(Figure 6.9f), which, on the basis of their euhedral crystal-shape, most likely
were portlandite (Taylor, 1992). In A09, microstructure remained more or less
constant in the axial direction.

6.5 Discussion

The present experiments have successfully recorded the development of axial
stress driven by a force of crystallisation during confined hydration of porous
CaO powder samples, at 65 °C and at atmospheric fluid pressure. Confinement
was achieved using an Instron testing machine to limit axial expansion of the
sample within the rigid cylindrical die containing the sample. With the Instron
ram held in fixed position (position control), sample expansion was accordingly
limited to concomitant elastic machine distortion, thus allowing the observed
force of crystallisation to develop. We measured hydration-induced axial
stresses of up to nearly 153 MPa (Figures 6.2-6.5; Table 6.2), which is well in
excess of the tensile strength of most rock materials (Jaeger et al., 2007) and of
in-situ lithostatic stress at depths up to 6 km. However, the measured stresses
constitute only ~5% of the maximum value predicted by the thermodynamic
theory for FoC (Section 6.2.2.2). Alongside this, the position-controlled
experiments showed a decrease in swelling strain with increasing sample
thickness (Figure 6.2b). Increased initial confining stress, accomplished by
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increasing the initial axial stress, increased the FoC stresses that developed, but
decreased the swelling strains attained (Figure 6.3). In experiments where
samples were hydrated under constant axial stress, samples subjected to 60 or
120 MPa showed expansion, while those subjected to 225 MPa compacted
(Figure 6.5). Microstructural observations showed that the samples that
supported axial stresses >100 MPa often contained a dense, cohesive layer,
consisting of white or greyish, slightly translucent material and about 100 to
500 μm thick, at the top of the samples, i.e. adjacent to the fluid inlet (Figures
6.8e, 6.9a). By contrast, the remainder of these samples was generally friable
and disintegrated over time (Figures 6.8d,e, 6.9a,c).

In the following, we will analyse our experimental data and attempt to explain
the observed behaviour and why the GPa stresses predicted by thermodynamic
theory were not achieved in the experiments. We go on to discuss the
implications with respect to the applicability of FoC processes in achieving
wellbore casing expansion and sealing, and consider ways in which the FoC
achievable by CaO hydration can be increased.
6.5.1

Factors affecting FoC development:
sample expansion versus machine stiffness
So far, we have considered the effective stress pertaining at thermodynamic
equilibrium (Equations 5.10 and 5.13) to be the maximum FoC-induced stress
that can develop due to precipitation of a confined solid product phase.
However, strictly speaking, this equilibrium stress represents the force that the
surroundings must exert on a growing crystal to prevent precipitation from
occurring, rather than the stress that the crystal can exert on its environment.
In our experiments, confinement is imposed by the Instron loading frame and
the stress generated by a given sample expansion is controlled by the apparatus
stiffness. This is clearly demonstrated in Figure 6.2c, where the data plotted
shown an identical axial stress-axial displacement behaviour to that obtained in
independent machine stiffness calibrations. Accordingly, in the present
constant-position experiments, the hydration-induced stresses that develop
cannot exceed the stress generated by machine distortion equal to the
maximum swelling strain of the sample. This means that the FoC we measured
is determined by the combined effects of sample swelling plus apparatus
stiffness, with finite sample swelling being essential for producing a FoC.
Measured sample swelling ( ∆Vm , ∆Lm ) is in turn determined by the increase in
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solid volume ( ∆Vs ) caused by converting CaO to Ca(OH)2, i.e. by the extent of

reaction ( ξ ), plus the change in pore volume of the sample ( ∆Vp ), plus elastic
changes in solid grain density (and hence sample volume, ∆Vel ) due to

increasing mean stress in the sample during FoC development. Changes in pore
volume in such a reacting system will in general include a component of pore
volume increase ∆Vp+ (>0), due to entrapment and expansion of pores as a

direct consequence of reaction, plus a component of pore volume change ∆Vp−

(<0) related to stress-driven mechanical compaction involving grain
rearrangement/deformation and hence solid redistribution.
On this basis, we can accordingly write ∆Vm = ∆Vs (ξ ) + ∆Vp (ξ ,σ ) + ∆ Vel (ξ ,σ ,Vp )

where ∆Vp = ∆Vp+ + ∆Vp− , which on dividing by initial sample volume gives

sample strain at any instant as

∆V
∆L
em = m = m =
es (ξ ) + ep (ξ ,σ ) + eel (ξ ,σ ,φ )
V0
L0

(5.15)

where each term can be viewed as volumetric strain contributions due to solid

conversion ( es ), permanent pore volume change ( ep ), and elastic deformation

of the sample ( eel ). However, as reasoned above, in fixed position experiments,

sample swelling strain and associated axial displacement ( ∆Lm ) are
accommodated by apparatus distortion, so that ∆Lm =
σ / C where C is the

apparatus stiffness (itself a function of stress in our setup) measured in Pa m-1.

Equivalently, em = σ /(CL0 ) . Now, at a given reaction extent ( ξ ) and sample

porosity ( φ ), eel = σ / EC where EC is the instantaneous constrained elastic

stiffness of the sample. This means we can rewrite Equation 5.15 as
em − eel =

σ

CL0

−

σ

EC

= es (ξ ) + ep (ξ ,σ )

(5.16)

In general, however, EC  CL0 (elastic stiffness of the sample is much greater

than of the much larger machine), so that eel  em and eel can be neglected,

yielding em ≈ es (ξ ) + ep (ξ ,σ ) or ∆Vm ≈ ∆Vs (ξ ) + ∆Vp (ξ ,σ ) . In addition, the FoC249
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driven stress that develops during reaction of a given sample tested in fixed

position mode can be written as σ ≈ CL0 ( es (ξ ) + ep (ξ ,σ )) . This is key to
analysing and interpreting our experimental results.
6.5.2

Analysis of sample volume changes and implications
for mechanism controlling FoC development
Having established that the build-up of a FoC requires sample volume
expansion, let us now consider in detail the different volumetric strain
contributions that have occurred in our experiments. Given the molar volumes
of CaO, Ca(OH)2 and water (Table 6.1), complete reaction of CaO, with a given
(excess) volume of water, to form Ca(OH)2, involves an increase in the solid
volume of ~1.6∙10-5 m3 mol-1, i.e. almost a doubling if reaction proceeds as
given in Equation 5.12. By contrast, the total solid-plus-fluid volume decreases
by ~2∙10-6 m3 mol-1. In our experiments, the hydration reaction contributes to
the strain es (solid volume change ∆Vs ) according to the extent of reaction ( ξ ).
6.5.2.1

Endmember scenarios for strain development

To progress further, it is useful to analyse the sample volume changes ( ∆Vm , em )

that can occur in a set of endmember scenarios that are relevant for our
experiments. Figure 6.10 shows that maximum attainable volumetric strain as a
function of initial porosity for four such scenarios. The first two scenarios
(Figure 6.10, dashed curves denoted S1a and S1b) represent closed system
endmember behaviour. Here, the initial sample porosity is water-filled (e.g.
established by vacuum-injection at the start of experiment), but no further
water can enter the samples, i.e. the system is closed with respect to pore fluid
transport. For realistic initial porosities of φ0 <52%, the maximum extent of

reaction is then determined by the availability of water, and conversion of
quicklime to portlandite will be incomplete. Scenarios S1a and S1b differ in
how sample porosity evolves. In S1a (Figure 6.10), the initial pore volume is
maintained, i.e. solid product phases do not occupy the initial pore space. This
should be considered an upper limit for expansion, unlikely to be attained in
practice. Scenario S1b represents the cases where porosity goes to zero during
hydration, thus representing the minimum swelling associated with complete
initial pore water consumption. The other two scenarios addressed in Figure
6.10 (dotted curves denoted S2a and S2b) consider open systems, where water
can freely enter or leave the samples (e.g. through the bore of the top piston in
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our experiments), thus allowing CaO hydration to go to completion regardless
of initial porosity. Scenarios S2a and S2b again differ in how the sample
porosity evolves with reaction, with S2a being characterized by a constant pore
volume, similar to S1a. In scenario S2b, similar to S1b, sample porosity is
assumed to go to zero, so that the plotted strains represent minimum values for
complete (open system) CaO hydration. While the evolution of porosity ( φ ) is

undetermined in our experiments, assuming that the porosity of highly
hydrated material approaches zero is likely reasonable, given the dense,
translucent nature of the hydrated portions of our hydrated samples (Figures
6.8b,c, 6.9b,d). Initial porosity ( φ0 ) is known from φ0 = 1 − m0 /( ρCaO L0 A) .

Also plotted in Figure 6.10 are our experimental data, specifically the final axial
strains attained in our experiments versus the initial sample porosity. Error
bars represent uncertainty in our data related to initial sample length and
sample porosity determinations.

6.5.2.2 Role of reaction extent in determining stress development
The first thing to note in Figure 6.10 is that all samples but A03, A04 and A09
plot below the dark grey, dotted curve corresponding to the scenario S2b of
complete hydration (open system reaction) plus complete porosity reduction.
This implies that, within uncertainty of the strain measurements, stress
development in position-controlled experiments A03 and A04 could possibly
have been limited by hydration going to completion, i.e. the system reaching
chemical equilibrium by eliminating all CaO, before higher axial stresses
developed. Experiment A09 was conducted in load-limit mode, with σ TH = 30

MPa, allowing reaction to proceed without the build-up of stress beyond this
value, potentially attaining complete hydration. However, in all other samples
tested (A01, A02, A05, A06, A07, A08, A10, A11, A12, A13, and A14), the
measured sample strains are less than the minimum value expected for
complete hydration (S2b). In general, it is likely that sample porosity did not go
to zero, but instead attained some small residual value, which would have
contributed to the final volumetric expansion. These measured strains must
therefore imply that CaO hydration was incomplete at the time of experiment
termination in the majority of the samples. Accordingly, the limited stresses in
most experiments, particularly in position-controlled experiments A01, A02,
A05, A06, A07 and A08, cannot be explained by the system running out of CaO
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to hydrate. This further implies that larger swelling strains should have been
possible in experiments A01, A02, A05, A06, A07 and A08, were reaction to
proceed. It follows that the stresses developed here were not limited by
insufficient machine stiffness but by incomplete reaction progress and net
expansion.

Figure 6.10: Maximum attainable sample strain versus starting porosity for different
reaction scenarios, plus final sample strain versus initial porosity data for our CaO samples.

6.5.2.3 Role of transport processes and water access
Given the zoned nature (Figures 6.8c, 6.9a) and brittle/friable post-experiment
character of our samples, with many of them spalling (Figure 6.8d) or partially
crumbling into a powder (Figure 6.8e), our microstructural data strongly
support the notion that the hydration reaction was incomplete in many of the
experiments. Indeed, with CaO remaining in the samples after completion of the
experiments (i.e. following unloading), any ongoing hydration via the air could
subsequently have caused internal expansions, explaining the observed
disintegration of the samples (cf. Sun et al., 2012). On the other hand, some of
the samples (A03, A04, A05 and A09 – Section 6.4.2.2) did form dense cohesive
pellets, suggesting that a larger extent of reaction occurred in these
experiments. We therefore need to consider what processes and effects may
have contributed to this variability in extent of reaction occurring during our
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experiments. A clear candidate is the question of water access into the reacting
sample from the external fluid system, i.e. the issue of the evolving permeability
of the (reacted part of the) sample during the reaction progress.

There is no direct means of determining the extent of reaction in our
experiments, as the volume of water consumed, and hence total system volume
with time, are unknown. However, as discussed above, some constraints can be
obtained by comparing measured sample strain, which represents the
combined effect of hydration-induced changes in solid volume (i.e. extent of
reaction) and porosity change, with the endmember scenarios represented in
Figure 6.10. Returning to Figure 6.10, all samples but A13 and A14 plot well
above the line corresponding to scenario S1b, representing complete porosity
reduction plus closed system reaction. This means that the measured strain is
more than can be explained by closed system behaviour, assuming strong
porosity reduction, suggesting that at least some water entered our samples
during the hydration process in addition to that initially injected. Transport of
water into the sample porosity certainly occurred in samples A05 and A11, as
the data for these experiments plot above the constraint corresponding to
closed system reaction at constant pore volume (scenario S1a). Further, we
note that experiments A13 and A14, which plot below the scenario S1b line,
were conducted in load-control mode, at a constant and high axial stress of 225
MPa. These samples showed compaction rather than expansion (Figure 6.5).
For A13 and A14, we therefore infer that hydration (i.e. solid volume increase),
combined with compaction of the reacting sample material under the large
applied axial stress, rapidly reducing porosity and permeability when water
was first introduced, thus quickly limiting the potential for inflow of additional
water and strongly limiting reaction.

Evidence for complete hydration was encountered only in A09 (Figure 6.10).
The sample retrieved from this experiment formed a dense pellet, and its
strain/initial porosity data plot slightly above the scenario S2b line in Figure
6.10, i.e. the constraint that corresponds to open system reaction plus complete
porosity reduction. It is important to note that A09 was a load-limit experiment,
in which we used a low axial stress limit of 30 MPa. As such, hydration occurred
under much lower axial stresses than was the case in any of the other samples
(Table 6.2). We infer that water remained able to enter the sample under these
conditions, allowing on-going expansion in the approach to complete hydration
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(Figures 6.2a,b, 6.4a,b). Interestingly, load-limit experiment A10, employing an
axial stress limit of 60 MPa, also shows continued sample expansion during
nearly 70 h of testing, though at a slower rate (Figure 6.4). Similar behaviour is
seen in load-controlled experiments A11 and A12, employing constant axial
stresses of 60 and 120 MPa, respectively (Figure 6.5). Indeed, by comparing the
data for samples A09, A10, A11 and A12, we observe that in all cases expansion
and/or stress development continues throughout the experiments, but the rate
slows down markedly with increasing axial stress, indicating that the apparent
rate of CaO hydration slows down with increasing axial stress.
On basis of the above, and since hydration was found to be incomplete in most
of our samples at the time of experiment termination, we infer that the
development of a FoC, and hence the stresses we measured, depend on the
availability and inward transport of water from outside the original pore
volume. In turn, we have clear indications, as discussed above, that access of
water to the samples strongly depended on axial stress (Figures 6.4, 6.5).
Combined, the above observations bring us back to the key assumptions in the
thermodynamic theory for FoC development, namely that an aqueous phase
must be present to allow reaction and must remain present in stressed contacts
(Correns and Steinborn, 1939; Correns, 1949; Scherer, 1999), for instance in
the form of a thin film or occupying a micro-channel network. Alternatively
stated, the presence of a fluid phase is imperative for continued reaction and
precipitation of the solid product phase, while grain boundary wetting and pore
connectivity are essential for the development of a force of crystallisation.
Based on our data and limited microstructural observations, the implication is
that the combined effects of reaction progress, Ca(OH)2 precipitation and buildup of axial stress led to the shutdown of the pore network and hence transport
pathways for water into samples, and/or to the disconnection of, or expulsion
of water films from, grain interfaces.
To facilitate comparison between position-controlled and load-controlled
experiments, we plotted sample displacement after 5 h versus initial axial
stress, as shown in Figure 6.11. In this graph, sample displacement can be
regarded as a measure of a sample’s capacity to generate a force of
crystallisation. Note that sample displacement also is directly related to
swelling strain, hence the extent of reaction in our samples. The initial axial
stress can be considered a measure for the resistance against expansion. We
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observe a monotonic decrease in sample displacement with increasing initial
axial stress, transgressing from net expansion to net compaction. Since
expansion is a requirement for a FoC-driven axial stress to develop, this implies
that the stress required to cut off water access to the samples in our
experiments was of the order of 150 to 175 MPa.

Figure 6.11: Axial displacement (expansion or compaction) of the samples measured after 5
h of hydration versus the initial axial stress applied in the experiments. Both our positioncontrolled and load-controlled tests delineate a decreasing trend in axial displacement with
increasing stress, transgressing from net expansion to compaction around 150 to 175 MPa.

6.5.2.1 Transport pathway shutdown mechanisms
Several different processes could play a role in the shutdown of transport
pathways and grain contact fluid films. As the already fine (~5 μm) CaO
particles hydrate an even finer Ca(OH)2 nanocrystalline mush will be produced
(cf. Kudłacz and Rodriguez-Navarro, 2014b) that presumably is weak, and
deforms by frictional granular flow or even diffusion or pressure solution
accommodated granular flow (Paterson, 1995; Yasuhara et al., 2003).
Accordingly, the Ca(OH)2 phase could easily become extruded from hydrating
CaO grain contacts into the intervening pores, leading to mechanical
compaction of the CaO framework and to a reduction in sample porosity and
permeability. The pore-sizes in the Ca(OH)2 mush will presumably be very
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small (less than the grain size), so that the permeability of regions filled with
this reaction product will be low, even if the porosity remains connected. More
likely, though, the material will cement up by reaction-driven precipitation or
by grain growth and sintering processes, enhancing permeability reduction.
Moreover, at free, unloaded surfaces such as larger pore walls between
hydrating CaO grains or Ca(OH)2 grain clusters, the solution phase will be
supersaturated with respect to Ca(OH)2, leading to precipitation in pore
throats, rapidly reducing permeability and restricting water access, preventing
further reaction.
As load generated by expansion is progressively transferred to the product
mush, due to elimination of the initially load supporting CaO framework, the
nanocrystalline Ca(OH)2 product phase may further compact via pressure
solution plus intergranular sliding. This will further reduce the porosity and
permeability of the Ca(OH)2 produce and whole sample until healing of the
grain contacts occurs by internal or contact margin precipitation, i.e. via contact
asperity or neck growth phenomena (van Noort et al., 2008b; Visser et al.,
2012). As indicated above, grain growth involving grain boundary migration,
driven by surface energy reduction in the fine product phase, could also
disconnect pores and reduce permeability simply by overgrowing and isolating
pores (Kennedy and White, 2001). This grain growth could potentially occur
during filling of larger pores with fine Ca(OH)2 reaction product, blocking the
pores very quickly and trapping fluid.

Alternatively to the above clogging mechanisms limiting reaction progress and
hence FoC development, the stresses measured in our experiments may
correspond to attaining or exceeding the effective normal stress required to
displace a fluid film from a flat grain-to-grain contact, i.e. the so-called
“disjoining pressure” (Israelachvili, 2011; Scherer, 2004, 1999). Exceeding this
pressure could lead to “drying-out” of the stressed grain contacts, impeding
further reaction/hydration and dissolution/precipitation at these locations. If
this is the case, then our sample expansion versus initial axial stress data
suggest a value for the disjoining pressure of 150 to 175 MPa, i.e. the transition
from net expansion to net compaction (Figure 6.11). However, here it should be
noted that the stress at the actual contacts is likely higher than the stress on the
sample. Moreover, to our knowledge, there have been no studies published in
which the disjoining pressure between calcium hydroxide and calcium oxide
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Figure 6.12: Schematic representation of the compaction and densification mechanisms that
may play a role in the shutdown of transport pathways for water into the hydrating CaO
samples. (a) The fine Ca(OH)2 formed during hydration may extrude into the pore space,
reducing connectivity. (b) As stress builds up due to reaction, both the CaO framework and
newly formed Ca(OH)2 mush may compact. (c) Dynamic recrystallization and grain growth
may lead grain boundaries to disconnect into strings of isolated pores. (d) Mechanisms such
as sintering, neck growth and grain contact healing may aid permeability reduction.
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surfaces, and various combinations thereof, was measured or calculated. We
therefore have no basis upon which to evaluate this hypothesis further.
Moreover, the exact surface area of the loaded contacts within our CaO samples
is unknown, precluding direct comparison even if such data would be available.

Last, it should be noted that, given the relatively short duration of our
laboratory experiments, we cannot rule out the possibility that CaO hydration
did not stop in our experiments but merely slowed down, due to increasingly
constricted inflow of water, to the point where the build-up of further stress
became negligible on the timescale of our experiments. In Portland-based
cement, residual (i.e. unhydrated) clinker phases can remain present for years
(Taylor, 1992), demonstrating that restricted water availability can slow down
reaction, even in the absence of high stress.

6.5.3 Applicability to casing expansion and suggestions for future work
In the introduction we raised the question of whether the force of
crystallisation generated during confined hydration of CaO (Ghofrani and Plack,
1993) can be used to expand the casing of leaking wellbores, thus achieving
sealing, e.g. via the construction of some form of internal plug using a CaObased material. We argued that, if sufficiently high internal stresses can be
attained, then hydration of the plug may bring about a permanent radial
expansion of the casing pipe, thereby closing the annular voids and fractures
that constitute leakage pathways outside of the casing (Kupresan et al., 2014,
2013). However, any such application of CaO hydration-induced stresses would
require the stresses and strains that develop during CaO hydration to be
predictable and controllable.

Our experiments on precompacted CaO powder samples have shown the
development of CaO hydration-induced stresses of up to 153 MPa (Figures 6.26.5, 6.11). Preliminary calculations, made using Barlow’s formula for plastic
yielding of a cylindrical metal pipe (Barlow, 1836; Voorhees et al., 1956), show
that these stresses are within the range of 100 to 300 MPa required to initiate
expansion of a typical wellbore casing constructed from conventional steel (ISO
11960, 2004). Therefore, while noting that true stress requirements will be
wellbore specific and require an analysis of the geomechanical state of the
wellbore, our preliminary laboratory results are quite encouraging. On the
other hand, the hydration-induced stresses measured in our experiments
258

Reaction-driven casing expansion
constitute only a small fraction of the GPa stresses predicted by thermodynamic
theory, so there remains scope for further study and attempts to increase
achievable reaction-driven stress. The main goal of such work should be to
elucidate the mechanism underlying the shutdown of water transport, which
seems to have arrested FoC development in our experiments. A possible first
step in this direction would be to conduct CaO hydration experiments similar to
ours, but using a controlled fluid pressure, and a deformation apparatus with
flow-through capability, to monitor sample permeability. This type of setup
would further allow for the investigation of certain additives, such as porous
ceramics particles or glass fibre, which could potentially help maintain the
transport pathways for water open longer.

In addition, the following two aspects of FoC-development by CaO hydration
require further study, from both a scientific and an application perspective.
First, our experiments involved CaO powder samples that were precompacted
at 250 MPa to reduce initial porosity. Conducting a similar procedure on an
industrial scale would be costly. It would therefore be interesting to study in
more detail the effect of initial porosity on the development and maximum
magnitude of the force of crystallisation, e.g. to determine allowable porosity
ranges for the method to be workable. Second, in the present study we
prepared our CaO by calcining Carrara marble at 1100 °C for 16 h. There exists
a substantial body of literature dealing with the effects of calcination
temperature, starting carbonate material and grainsize, and various other
processes (e.g. sintering) on the nature of the final CaO product (Borgwardt,
1989; Bruce et al., 1989; Fuertes et al., 1991; Glasson, 1958b; Sun et al., 2007).
For example, the rate of hydration is slower for dead-burnt lime (calcined at
>1600 °C) than for “normal” CaO, prepared at <1200 °C (Ghofrani and Plack,
1993). Larger FoC-induced stresses could potentially be generated by
optimizing properties of the CaO material used.

6.6 Conclusions

This study was motivate by noting that leakage of CO2 or other fluids occurring
behind the steel casing in a wellbore could potentially be mitigated by
producing a small radial expansion of the casing by means of hydration of CaO,
thus mechanically closing annular voids, debonding defects and/or fractures
outside the casing. For the hydration of CaO, thermodynamic models predict
reaction is capable of producing very large stresses, or forces of crystallisation
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(FoC), in the range of 3.4 GPa. However, the stresses produced by CaO
hydration have never been directly measured in the laboratory. To assess what
FoC-induced stresses can be attained in practice, we studied their development
in uniaxial expansion experiments on precompacted (at 250 MPa axial stress)
powder aggregates of CaO (precompacted discs with initial porosities of 24.9 to
40% and initial thicknesses of 0.68 to 2.34 mm), which were one-sidedly
exposed to water a temperature of 65 °C. Our main findings can be summarized
as follows:
1.

2.

3.
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In experiments where CaO powder aggregates were hydrated under
confined conditions, i.e. where axial (volumetric) expansion of the
samples was limited to that allowed due to the finite stiffness of the
deformation apparatus, we observed that samples continued to expand
until effective axial stresses of up to 153 MPa were generated. While
these stresses are substantial, they constitute only about 5% of the
thermodynamically predicted maximum. Volumetric considerations,
accounting for both reaction-induced changes in solid volume and the
possible range of porosity reduction, suggest that, in at least some of
these experiments hydration cannot have been complete.
In experiments where the hydration of CaO powder aggregates
proceeded under a constant axial stress, we observed a decrease in the
swelling strain with increasing axial stress, from 60 to 120 MPa, while
samples that were hydrated under 225 MPa showed compaction rather
than expansion. Volumetric considerations show that the extent of
reaction was <60% in the experiments performed at 225 MPa. In terms
of the observed axial displacement, about 50 μm of compaction
occurred, regardless of sample thickness, suggesting the responsible
process occurred in a limited region. Plotting the measured sample
expansion versus initial axial stress showed a transition from net
expansion to net compaction around 150 to 175 MPa.
The samples that experienced axial stresses of <100 MPa formed
dense, cohesive pellets, displaying a nano/microcrystalline texture.
Conversely, in samples subjected to >100 MPa, microstructural
analysis revealed very dense, about 100 to 300 μm thick rims, present
at the top of the samples (which was directly exposed to water). The
remainder of these samples was comparatively porous, and rather
friable, with these parts of the samples often disintegrating into a
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4.

5.

powder. We infer this represents ongoing, post-experiment hydration
of these parts of the samples.
Given our stress measurements, there must be a process that stops or
significantly slows down the rate of hydration, well before the
thermodynamic maximum stress is attained. In only a few of the
experiments could this be attributed to hydration reaching completion.
This notion of partial hydration is substantiated by our microstructural
observations, with samples for which volumetric considerations
suggest incomplete hydration showing thin, dense zones developed at
the top side, where water entered the samples. We infer that the
development of such dense zones by the combined effects of sample
cementation and stress-driven compaction led to shut-down of
transport pathways for water into the sample pore structure and into
grain contacts. Moreover, a key assumption in the thermodynamic
model, namely that a solution phase, for instance in the form of thin
films or micro-channels, remains present may not hold at stresses
beyond about 150 to 175 MPa due to a disjoining pressure effect. Here
it should be noted, however, that the stress at loaded contacts in the
sample will likely have been higher than this measured axial stress.
With regard to possible application to leakage remediation in
wellbores, the present laboratory experiments documented hydrationinduced stresses of a magnitude equivalent to that of the internal
pressures required for casing expansion. However, the development of
these stresses is strongly dependent on the influx of water, which may
yield practical limitations. Nevertheless, the present results point the
way to finding engineering solutions that may in future allow
controllable, reaction-induced stresses and strains to be achieved and
applied in wellbore sealing operations. For example, usage of certain
additives may help maintain transport pathways for water open
longer, which could potentially allow larger stresses to develop.
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7.1 Main findings and conclusions
This thesis has presented the results of a predominantly experimental study
aimed at investigating the effect of CO2 on the mechanical and chemical
integrity of wellbores in geological storage systems for CO2. 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 main objectives included a) determining the effect of CO2-induced
reactions on the mechanical properties of fractured wellbore cement, b)
characterizing the key chemical reactions in cement-steel-CO2-brine systems, c)
determining the effect of these reactions on the transport properties of
debonding defects at casing-cement interfaces in wellbores, d) understanding
the underlying reactive transport processes on the metre length-scale, and e)
determining whether chemical reactions that involve a solid volume increase
and develop a force of crystallisation may be used to remediate or prevent
wellbore leakage (e.g. by mechanically eliminating or reducing defect
apertures to the point where CO2-induced reactive transport leads to selfsealing behaviour). These aims were addressed by performing batch reaction
and permeametry experiments, conventional triaxial compression tests, longrange reactive flow-through experiments, numerical reactive transport
simulations, and uniaxial CaO hydration-deformation (force of crystallisation)
experiments. In the following, the main findings and conclusions of the study
are reviewed and integrated. The implications for wellbore integrity in
geological storage systems for CO2 are subsequently discussed, and remaining
and newly surfaced knowledge gaps are identified, delineating possible
directions for future research.

7.1.1 Effect of CO2 on the mechanical strength of fractured cement
Triaxial and hydrostatic compression experiments have been performed on wet
API-ISO Class G HSR Portland cement cylinders, in order to a) delineate both
the yield and shear failure behaviour of intact wellbore cement, and b) assess
the effect of any subsequent CO2-induced chemical reactions taking place
within the fractures formed. These experiments, reported in Chapter II, were
conducted under down-hole conditions expected to favour fracturing (80 °C,
effective confining pressures of 1 to 25 MPa). The tests were performed on both
mature (>6 months curing) and immature (3 weeks curing) cement samples.
Following initial triaxial compression testing under wet conditions, cement
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samples showing localised fractures were exposed to CO2-saturated water in
batch reaction vessels (80 °C, applied CO2-pressure ~12 MPa), for a period of
six weeks. One such “reaction” experiment was also performed on a fractured
mature cement sample under the same conditions, but using argon as pore fluid
for control purposes. The reacted samples were subsequently subjected to a
second triaxial compression test, allowing observation of reaction-induced
changes in post-failure (fracture) strength.

The results from the first phase of deformation showed shear-enhanced
compaction of both the immature and mature cement samples, under all
effective confining pressures investigated. At effective confining pressures
below 10 MPa, compaction evolved with increasing strain into dilatant
behaviour closely followed by shear failure. This occurred along localised, semibrittle shear fractures. At higher effective confining pressures (10-25 MPa),
yielding was followed by pervasive ductile deformation, characterized by strain
hardening and ongoing shear-enhanced compaction. The shear failure data
could be described using Drucker-Prager criteria, expressed in P -Q space as

=
Q 0.58P + 26.3 and
Q 1.14P + 27.4 (values in MPa) for immature and mature
=

cement, respectively. Reasonable fits to the yield data were obtained using
empirical elliptical yield cap fits and a variety of pore collapse models from the
literature (Curran and Carroll, 1979; Wong and Baud, 2012; Wong et al., 1997;
Zhu et al., 2010). However, the yield envelopes thus constructed should be
applied with caution, as significant time-dependence (strain-rate dependence)
was observed in both the yield and subsequent strain hardening behaviour of
the samples. What can be said with confidence, however, is that wellbore
cement easily compacts irreversibly if subjected to an increase in effective
mean stress. On this basis, we infer that reversals in the wellbore stress path,
i.e. mechanical loading followed by unloading, should ideally be avoided during
field operations. This is because stress-path reversals can lead to stress-strain
incompatibilities, and thereby potentially to tensile failure, due to the cement
components of the wellbore, specifically the cement sheath outside the
wellbore casing and the cement plug within the casing bore, being unable to
accommodate re-expansion upon unloading. It is therefore essential that the
irrecoverable compaction behaviour observed in our experiments is included in
geomechanical analyses of cement sheath and plug integrity.
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The batch reaction experiments, performed on shear-fractured samples of
mature cement plus CO2-saturated water showed the development of intense
chemical alteration fronts. These were oriented parallel to both the fracture
and sample surfaces, and were characterized by mineralogical changes known
to be typical of CO2-induced cement alteration (Kutchko et al., 2007; Mason et
al., 2013; Wigand et al., 2009). Subsequent triaxial compression testing of the
reacted samples showed a marked peak strength (up to 83% recovery of the
unreacted peak strength), compared with the argon control experiment, as well
as an increase of 15-40% in the post-failure frictional strength. On the basis of
microstructural observations, these restrengthening effects were attributed to
cementation of the fractures by calcium carbonates precipitated as a
consequence of reaction. The implication is that, after exposure to CO2 under
downhole conditions, more or less complete mechanical healing of fractured
cement can be expected on timescales of the order of months.
7.1.2

Effect of near-static CO2-rich fluids on the transport
properties of casing-cement interfaces
The experiments reported in Chapter III were aimed at investigating the effects
of CO2-induced, chemical alteration on the transport properties of debonding
defects present at casing-cement interfaces, under near-static reaction
conditions. Debonded casing-cement interfaces were simulated using
composite samples, constructed from steel and cement plates kept at a fixed
separation using inert spacers. Two ranges of defect aperture were
investigated, namely 50 to 120 μm (denoted small aperture or SA-samples) and
270 to 350 μm (large aperture or LA-samples). The samples were reacted with
a CO2 and a variety of aqueous solutions, at a temperature of 80°C and an initial
applied CO2 pressure of 14 MPa. Each sample was subjected to a series of
multiple, consecutive reaction runs at fixed conditions (six of 5 days duration,
plus one of 42 days), measuring apparent sample permeability after each run.
Microstructural and microchemical analyses were performed after completion
of the full series of runs on each sample.
The largest changes in apparent sample permeability due to near-static
chemical reaction occurred during the first 5 to 10 days of reaction testing and
were less than one order in all samples investigated. In SA-samples exposed to
both wet supercritical CO2 and CO2-rich aqueous fluids, the permeability
decreased by ~30% in the first 5 to 10 days, but often showed a later increase,
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attaining near-initial permeability values towards the end of the experiment,
i.e. after a total reaction time of 72 days. The LA-samples exposed to wet
supercritical CO2 displayed nearly constant permeability, while a single LAsample submerged in CO2-rich brine behaved similarly to the SA-samples.
Microstructural observations showed precipitates of corrosion scale (mainly
iron carbonates) and of calcium carbonates in both the SA and LA sample types,
in line with the reactions observed in previous studies of cement carbonation
only (Barlet-Gouédard et al., 2009; Duguid et al., 2004; Kutchko et al., 2007;
Mason et al., 2013) and of steel corrosion in the presence of CO2-rich fluids
only (Nešić, 2007; Nordsveen et al., 2003; Zhang et al., 2013). However, while
corrosion scale film was extensively precipitated in the open apertures of the
composite samples, on both the steel and the cement surfaces exposed to the
fluid phase, calcium carbonates occurred only on cement surfaces that were
protected by the inert spacers located between the cement and steel plates. It is
inferred that the corrosion scale film that formed on the cement surface
bounding the simulated defect caused a major reduction in the cement
carbonation rate, similar to the decrease in corrosion rate observed when scale
films produce a protective layer on steel surfaces. This means that precipitation
of calcium carbonate in debonding defects at casing-cement interfaces can be
expected to be much slower than reported for crack healing in cement only (e.g.
Liteanu and Spiers, 2011), or even completely inhibited, due to passivation of
the cement surface by the formation of a corrosion scale film upon it, at least in
the presence of a quasi-static CO2-rich fluid. Sealing of debonding defects by
calcium carbonate precipitation under static fluid conditions will similarly be
inhibited compared with fractures in cement only.
7.1.3

Effect of flow-through of CO2-rich fluids on the transport
properties of casing-cement interfaces
Extending investigation of the effects of CO2-induced chemical reactions on the
transport properties of casing-cement interfaces, reactive flow-through
experiments were performed on 1 to 6 m long sections of simulated debonded
cement-steel interface, in order to study the impact of long-range reactive
transport processes on self-sealing potential (Chapter IV). Four cement-filled
steel tubes, containing artificially debonded casing-cement interfaces, were
unidirectionally flooded with CO2-rich water at mean pressures of 10-15 MPa,
at temperatures of 60 and 80 °C, and using constant pressure differences in the
range 0.12 to 4.6 MPa. The fluid pressure was applied using high precision
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syringe pumps which allowed the fluid flowrate to be continuously measured
over experiment durations up to 38 days. After completion of the experiments,
microstructural and microchemical analyses were performed on cross-sections
of the samples, obtained by sectioning the cement-filled steel tubes at regularly
spaced downstream intervals.

In all experiments performed, initial, water-based permeability measurements
showed stable behaviour, with the different cement-filled steel tubes exhibiting
apparent sample permeabilities in the range of 1.0·10-13 to 3.3·10-12 m2. Upon
initiating reactive flow-through with CO2-rich water, a substantial decrease in
permeability was observed, particularly during the first three days of
measurement using this fluid. Permeability reductions of about 4 orders
occurred in two samples having debonding defect apertures of less than 100
µm. A permeability drop of 2 to 3 orders was measured in the remaining two
samples, which contained defects at the cement-steel interface of 100 to 300
µm in width.

Microstructural observations showed extensive alteration of the cement close
to the fluid inlet side, i.e. within about a metre of the upstream end of the steel
tube samples. The degree of alteration decreased rapidly with downstream
distance, i.e. distance from the CO2 source, with extensively altered, depletedcement zones being restricted to the upstream-most ~30 cm of the samples.
Precipitates of calcium carbonates (aragonite, calcite and vaterite) were
extensively observed, particularly further downstream, where carbonate
deposits filled and obstructed large parts of the apertures present at the
debonded cement-steel interfaces. These microstructural observations were
complemented by microchemical studies, which also exhibited evidence for
dissolution-dominated cement alteration upstream and extensive precipitation
downstream. Unlike the results obtained under near-static reaction conditions
(Chapter III), CO2-steel reactions occurred to only a very limited extent and the
formation of steel corrosion scale films played little or no direct role in the
flow-through experiments. Combining the permeametry and microstructural
results, it is concluded that the observed reduction in sample permeability was
most likely caused by the build-up of high Ca2+ and (bi)carbonate ion
concentrations in the CO2-bearing fluid, as it flowed alongside the cement
exposed at the defect surfaces. This in turn led to (super)saturated conditions
with respect to calcium carbonate downstream of the CO2 source, resulting in
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precipitation in the interfacial defects, thereby significantly decreasing
permeability. The inference is that reactive-flow on the metre-scale
significantly enhances the self-sealing potential of cement-casing interfaces,
compared to reaction in the presence of near-static CO2-rich fluids.

7.1.4

Modelling reactive transport of CO2-rich fluids
along debonded wellbore interfaces
Building on the insight gained through our laboratory experiments on casingcement interfaces (Chapters III and IV), a long-range reactive transport model
was developed to investigate further how flow-through of CO2-rich fluids
affects the permeability evolution of debonding defects at casing-cement
interfaces within wellbores. In the numerical model, presented in Chapter V,
one of the four cement-filled steel tube experiments of Chapter IV was
simulated, using a model domain consisting of a series of 1000 cylindrical
segments, containing a circumferential defect. The modelling formulation
adopted incorporates fluid flow, advective and diffusive solute transport, and
CO2-cement chemical reactions, to represent the coupled reactive transport
that occurs in CO2-exposed wellbore defects. Starting with a reference case
characterised by a circumferential defect of uniform aperture, and using
boundary conditions relevant to the flow-through laboratory experiment being
simulated, the effects of a) reaction kinetics, b) initial portlandite content, and
c) the porosity and permeability of the defect-filling precipitates were
systematically explored. A key feature of the model developed is its capability
to also include non-uniform defect geometries. This option was employed to
investigate the effect of longitudinal (i.e. flow-parallel) variations in the initial
defect aperture on the development of chemical reaction zonation, permeability
evolution, and hence self-sealing behaviour.
During the simulations, ingress of CO2-bearing water led to progressive
acidification of the fluid phase residing in the interfacial defect. In response,
portlandite (Ca(OH)2) present in the cement started to dissolve, thereby
buffering the fluid pH to more alkaline values, and releasing Ca2+ into solution.
This facilitated the formation of porous calcium carbonate precipitates inside
the open apertures of the interfacial defect, reducing defect conductivity to fluid
flow. As the fluid flow-rate decreased due to precipitation, a change from
advection-controlled to diffusion-controlled reactive transport occurred, with
acidic conditions in the defect fluid gradually retreating back towards the inlet
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boundary of the model domain. As a result, chemical reaction, and hence
carbonate precipitation, became progressively more focused towards the
upstream side of the sample, eventually leading to complete sealing of the
defect aperture there.
In general, the simulations were capable of reasonably reproducing the main
trends seen in our laboratory experiments, in terms of carbonate precipitation
and associated permeability decrease (Chapter IV). The simulations confirmed
the inferences drawn from the coiled sample experiments that permeability
reduction primarily occurred due to carbonate precipitation. The simulations
further showed that increasing the model parameters defining reaction rate
led to a decrease in the maximum downstream (i.e. along flow) extent of
cement alteration, plus an increase in permeability reduction rate, due to more
localised carbonate precipitation. On the other hand, increasing the initial
portlandite content of the cement was found to increase the permeability
reduction-rate, but had little effect on the downstream extent of alteration.
The most important finding of our model simulations was that the presence of
non-uniformity in the initial defect geometry in the longitudinal fluid flow
direction can have a profound effect on the chemical alteration depth radially
into the cement (i.e. perpendicular to the flow direction), on the downstream
extent of reaction (i.e. in the along-flow direction), and on the temporal
evolution of sample permeability. Including locally enlarged and narrowed
defects affected the permeability reduction-rate in a complex and variable
manner, though generally reduced the downstream extent of cement alteration.
Based on comparison with our experiments, and the fact that defect apertures
in real wellbores are likely to vary both longitudinally and radially in the
wellbore, we suggest that future modelling studies should explore the effects of
both longitudinal and radial variations in defect aperture.
7.1.5

Reaction-driven casing expansion:
potential for wellbore leakage mitigation
In Chapter VI, scenarios were considered where wellbore integrity cannot be
guaranteed or is compromised, necessitating leakage prevention or mitigation
measures. A potential method would be to impose a small radial expansion on
the casing, thereby mechanically closing annular voids, debonding defects and
fractures outside the casing. Chapter VI investigated whether CaO hydration, a
chemical reaction involving a near doubling in molar solid volume and capable
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of producing a so-called force of crystallisation (FoC), could be used for this
purpose. A simple thermodynamic model for FoC-development during wet
hydration of CaO was developed, predicting that reaction is capable of
producing stresses up to 3.5 GPa. To test this, a series of uniaxial expansioncompaction experiments was performed in order to directly measure the stress
produced by CaO hydration, i.e. to assess what FoC-induced stresses can be
attained in practice. The experiments were performed at a temperature of 65
°C, on precompacted CaO powder aggregates (discs with initial porosities of
24.9 to 40% and initial thicknesses of 0.68 to 2.34 mm), which exposed to
water from one side by means of vacuum impregnation. Microstructural
analysis was performed after completion of the experiments.

In tests where CaO powder was hydrated under confined conditions, i.e. where
the volumetric expansion of the samples was limited to machine stiffness
effects, expansion continued until effective axial stresses of up to 153 MPa were
generated. Analysis of the volumetric strains reached, while accounting for both
reaction-induced changes in solid volume plus changes in pore volume,
demonstrated that, in most of these hydration experiments, the extent of
reaction cannot have been complete. For CaO hydration against constant axial
stresses of 60 to 120 MPa, volumetric expansion was found to decrease with
increasing axial stress, while two samples reacted under 225 MPa stress
showed compaction rather than expansion. Plotting volumetric strain after 5 h,
for both position-controlled and load-controlled experiments, versus the initial
axial stress applied, showed a transition from net expansion to compaction
around 150 to 175 MPa. Microstructural observations further showed that
samples that experienced axial stresses up to 100 MPa formed uniformly dense,
cohesive pellets, displaying a nano/microcrystalline texture. Samples subjected
to axial stress greater that 100 MPa, on the other hand, were cohesive and
dense only in a 100-300 μm thick zone at their top surface, which was directly
exposed to water injection under vacuum. The remainder of these samples was
porous and friable, and often disintegrated into a powder during or after
sample retrieval. This friable material likely represented a much less hydrated
state of the CaO present in the lower parts of these samples.
Given the low FoC-induced stresses that were measured (<153 MPa), compared
to theoretical predictions (3.5 GPa), some process must be inhibiting or
significantly retarding hydration of CaO, prior to attainment of the
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thermodynamic maximum stress. For most of the samples in our experiments,
the possibility of this being due to hydration reaching completion can be ruled
out on the basis of volumetric considerations and microstructural observations.
Given the zoned nature of the samples that experienced the largest stresses
(>100 MPa), it is inferred that reaction resulted in densification of the samples
and associated permeability reduction. On-going reaction-induced cementation
and stress-driven compaction in turn led to the shutdown of transport
pathways for water into the pore structure and into grain contacts, causing
further reaction and the stress-strain behaviour of the samples to become
controlled by transport. Additionally, at stresses beyond 150-175 MPa,
disjoining pressure effects may have caused fluid films to be displaced from
loaded contacts, with the experiments thereby no longer complying with a key
assumption in the thermodynamic models for FoC-development, namely that
grain contacts remain wetted and open for ongoing precipitation. Nonetheless,
the stresses measured were substantial, and in a range of comparable to the
internal pressures required for wellbore casing expansion (Barlow, 1836;
Voorhees et al., 1956). Building on the initial results obtained here, it may be
possible to achieve larger extents of reaction, and hence stresses, by using
certain additives that maintain pathways for water open longer.

7.2 Implications for wellbore integrity in
CO2 storage systems: A synopsis

The experimental work and numerical model presented in this thesis have
shown that there exists substantial potential for self-sealing and self-healing in
wellbore defects, such as fractures in cement seals (Chapter II) or debonding
defects along casing cement interfaces (Chapters III to V), when these become
exposed to CO2-rich fluids. Furthermore, we have shown that there is some
scope for reaction-driven casing expansion to be used as a remedial measure in
those cases where self-sealing/healing of wellbore barriers is uncertain or
predicted to be inadequate.
The length of cement seals in typical wellbores is of the order of tens to
hundreds of meters. However, the results of our reactive transport laboratory
experiments and numerical simulations (Chapters IV and V), where
permeability decreased by several orders during flow-through with CO2bearing water, apply for length-scales of the order of 1-6 m. It is therefore
reasonable to expect that the reaction and permeability reduction effects
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observed during reactive transport on the 1 to 6 m scale, in our lab experiments
and numerical simulations, will significantly enhance the self-sealing capacity
of wellbore defects along casing-cement interfaces, compared with expectations
from static fluid experiments. This likely also holds for fractures in bulk cement,
which are expected to self-seal more efficiently than the defects at casingcement interfaces, based on our results reported in Chapter III. However, while
the observations reported in Chapter III indicate that steel corrosion inhibits
cement dissolution and hence carbonate precipitation in the presence of a near
static CO2-saturated fluids, the results presented in Chapter IV suggest that
steel corrosion is unimportant when the fluid phase is flowing. The question of
whether or not, and under what conditions exactly, steel corrosion reactions
prevent self-sealing is therefore not fully resolved. As such, it is important to
consider the effects of steel reaction and corrosion scale development in the
cement-steel system in more detail in future studies (Section 7.3.3).

While there definitely is self-sealing potential for wellbore defects exposed to
through-flowing CO2-rich fluids, particularly when the relevant length-scales
are considered, our results, as well as previous work, have shown that this
potential is strongly dependent on the hydraulic aperture of the defects
involved, for a given range of fluid pressure gradients (Section 7.3.5). On the
basis of the results reported in Chapters III and IV, small aperture defects, of
the order of 10 to 50 µm in width (e.g. those expected to form due to
autogenous cement shrinkage; Dusseault et al., 2000), can be expected to seal
completely. Larger aperture defects may show a reduction in permeability, but
will not necessarily attain an impermeable state, as shown experimentally in
the reactive flow-through experiments of Chapter IV. For defects that do not
seal on experimental timescales, more work is required to reliably assess their
long-term behaviour in the presence of CO2-rich fluids.
Based on the triaxial compression experiments reported in Chapter II, it can be
expected that the self-sealing effects observed in previous work on fractured
cement (Cao et al., 2015; Huerta et al., 2016; Liteanu and Spiers, 2011; Luquot
et al., 2013), and in Chapters III and IV on cement-steel interfaces, will not be
cancelled out by reaction-induced mechanical weakening effects. Instead, the
results of the present mechanical experiments on fractured cement (Chapter II)
show that, at least under conditions where calcium carbonate precipitation
dominates reaction, interaction with near-static CO2-saturated fluid leads to
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significant healing (i.e. strength recovery), thereby inhibiting reactivation and
dynamic reopening of fractures and other defects. The initial results are
promising, though more research regarding the longevity of this self-healing
effect, e.g. its resilience to repeated re-fracture, is warranted (Section 7.3.2).

Wellbore barriers may well be susceptible to mechanical failure (either within
the bulk cement or at material interfaces) upon changes in the down-hole
temperature or stress state, for example when caused by storage operations.
The triaxial compression experiments performed on virgin wellbore cement,
reported in Chapter II, revealed a strong tendency for irreversible compaction.
Under certain circumstances, this type of behaviour can strongly promote
tensile failure at casing-cement and cement-formation interfaces, notably when
the wellbore is subjected to repeated loading and unloading cycles. This is
further promoted by the fact that the failure strength of cement (Chapter II),
and of wellbore interfaces, is generally low (Daccord et al., 2006a; Dusseault et
al., 2000; Hsu and Slate, 1963; Oyibo and Radonjic, 2014). Notwithstanding the
above, the observations reported in Chapter II imply that CO2-induced reactions
rapidly strengthen mechanically damaged wellbore cement, counteracting the
processes leading to failure, at least under near-static fluid conditions, i.e.
before the development of continuous leakage pathways. This means that a well
exposed to CO2 will likely be more resilient to the formation of new leak paths
as a result of mechanical damage, than a CO2-free well that is otherwise
exposed to the same changes in downhole temperature and stress state.

In situations where effective self-sealing cannot be ascertained prior to
wellbore abandonment, or substantial CO2 leakage already occurs via pathways
outside the steel casing, reaction-induced casing expansion, investigated for
CaO hydration in Chapter VI, may provide interesting options. Clearly, this
novel method is still in an early, exploratory stage. Nonetheless, our first
experimental results are promising, having demonstrated FoC-induced stresses
of a magnitude similar to those required for casing expansion via internal
pressurization. However, FoC-induced stress development was found to be
strongly dependent on of the evolution of transport properties and hence
access of water, which may impose severe limitations to field application. Yet,
the results provide a starting point for further research and for seeking insight
and solutions that may allow larger reaction-induced stresses and strains to be
attained. For example, use of appropriate additives may help maintain
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transport pathways open longer, which could potentially allow larger stresses
to develop.

7.3 Suggestions for further research

The work presented in this thesis has addressed how chemical and mechanical
processes may impact wellbore integrity in CO2 storage systems. Although a
considerable body of new data has been obtained, many questions have
remained unanswered, as already indicated, while new questions arose as a
result of the present findings. These open ends point the way to furthering
research and ultimately obtaining the understanding required to assess
wellbore integrity confidently. In the following, a number of potential
directions for future research are identified, and preliminary suggestions are
made on how to address these remaining questions and challenges.

7.3.1 Tensile failure and debonding at wellbore interfaces
In Chapter II of this thesis, the effect of CO2-induced chemical reactions on the
mechanical behaviour of fractured cement was investigated by means of triaxial
compression experiments. While this provided evidence for reaction induced
healing of (shear) fractures in cement samples under compressive stress states,
our choice of experimental method did not allow tensile yield and failure
regimes to be explored experimentally. It was accordingly concluded that
additional experiments, allowing for this, would be needed for a complete
evaluation of the chemical-mechanical impact of CO2-induced reactions.
Performing Brazilian disc-type tests (e.g. Li and Wong, 2013) or fracture
toughness tests (Rief and Kromp, 1988), such as three-point bending
measurements (Schmidt, 1976), on reacted and unreacted cement and on
cement-steel composite samples could be a first step in approaching this
problem, perhaps extending these to allow testing under elevated P-T
conditions.
7.3.2

Effect of concurrent deformation and reaction
on fracture strength and permeability
It was shown in Chapter II that the mechanical strength of fractured cement
samples improved, rather than deteriorated, as a consequence of reaction with
CO2-H2O under static fluid conditions. On this basis, as summarized in Section
7.2, we argued that CO2-induced self-sealing (i.e. permeability decrease) of
cement fractures, observed in previous studies (Cao et al., 2015; Huerta et al.,
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2016; Liteanu and Spiers, 2011; Luquot et al., 2013), is unlikely to be negated
by mechanical weakening and enhanced fracture reactivation. However, it
should be noted that the experiments presented in Chapter II did involve a
separate batch reaction step, performed under hydrostatic conditions. Triaxial
compression testing was performed only before and after this separate reaction
step, to measure differences in mechanical strength (Section 7.1.1). In real
wellbores, the permeability evolution of pathways such as fractures in the
cement may depend on a more dynamic interplay between chemical reactions,
sealing and healing, versus reactivation and reopening of the fractures driven
by ongoing changes in wellbore temperature and stress state related to storage
reservoir operations, or to long term geological deformations (Bois et al., 2013;
Mainguy et al., 2007; Orlic, 2009; Rutqvist, 2012; ter Heege et al., 2015). The net
effect of concurrent deformation and reaction will determine whether healing
and sealing are able to outstrip the rate of damage accumulation. It should also
be noted that the self-healing and self-sealing capacity of cement undergoing
repeated fracture may be affected by depletion of reactive cement phases upon
repeated re-exposure to CO2-rich fluid. Although demanding in terms of
laboratory facilities and apparatus usage, experiments that simulate fully
coupled conditions, e.g. simultaneous reactive flow-through and active triaxial
deformation, would allow a more detailed determination of the interplay
between these competing processes.
7.3.3

Uncertainties in the role of steel corrosion in
casing-cement interface permeability evolution
The research reported in this thesis has specifically considered CO2-induced
reactions at casing-cement interfaces, showing strikingly different results in
Chapters III and IV, as briefly summarized in Section 7.2 above. In Chapter IV,
these opposing observations were discussed in the light of other experimental
studies targeting the casing-cement interface (Carey et al., 2010, 2009; Choi et
al., 2013; Han et al., 2012), and it was speculated that the differences could be
due to a) steel type, b) preconditioning of the steel surfaces during sample
preparation, or c) differences in the experimental configuration and/or
(unconstrained) redox conditions (see Section 4.4.4). Unfortunately, we were
unable to discriminate between these possible explanations. Moreover, given
the variable results obtained in CO2 corrosion experiments in general, there are
currently insufficient data available to constrain better the effect of corrosion
scale formation on wellbore integrity. To resolve this issue, experimental
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research into the detailed interface reactions is needed. Preferably, downhole
electrochemical conditions and possible effects of long-range conduction
should be included in these experiments.

7.3.4 Effect of pulse-like CO2 leakage on defect sealing behaviour
In the present reactive flow-through experiments (Chapter IV), simulated
casing-cement interfaces were subjected to a continuous flow of CO2-rich
aqueous fluid and the evolution of transport properties was monitored. In
order to facilitate reliable permeability measurement, we minimized the
potential for CO2 degassing. It should be noted, however, that the nature of CO2
leakage in real wells may be more complex. It might involve supercritical or
gaseous CO2 partially saturated with water, or two-phase or alternating flow of
CO2 and water-dominated fluids (Kjøller et al., 2016). Surface casing leakage of
natural gas is known to display a pulsing or periodic nature (Jackson and
Dusseault, 2014). If CO2 leakage were to occur in similar pulses (Kampman et
al., 2012), then this could influence chemical-hydrodynamic coupling via the
occurrence of transiently high flow-rates, alternated with near-static periods. A
complete investigation of the behaviour of debonding defects and cement
fractures during leakage would require experiments investigating the effects of
such “bursts” of CO2-rich fluid. This could perhaps be achieved by performing
flow-through experiments similar to those reported in Chapter IV, while
changing the fluid composition and the boundary conditions for flow.

7.3.5 Quantification of defect dimensions in real wellbores
In the present work (Chapters IV and V), as well as in other experimental
studies (Cao et al., 2015; Huerta et al., 2016; Luquot et al., 2013) and modelling
studies (e.g. Brunet et al., 2016; Cao et al., 2015; Deremble et al., 2011), the selfsealing potential of wellbore defects during exposure to CO2-rich fluid has been
found to depend strongly on the initial aperture size. However, it is difficult to
translate and apply this knowledge to the situation in real wellbores. One of the
main limiting factors is that current monitoring methods provide only limited
constraints on defect dimensions. Accordingly, finding ways to determine the
apertures of defects in real wellbores constitutes a key challenge that needs to
be overcome to assess self-sealing potential in specific storage field situations.
7.3.6 Well-specific variability of cement-formation interfaces
The work reported in this thesis was primarily concerned with effects of CO2 on
the chemical and mechanical behaviour of fractures in wellbore cement
277

Chapter VII
(Chapter II), and of debonding defects and other flaws at interfaces between the
cement seals and steel casing (Chapters III to V). Comparatively little attention
has been paid to cement-rock interfaces. Previous experimental work in which
cement-rock or “cement-formation” interfaces was simulated has shown that
many lithologies, such as sandstone (Cao et al., 2013; Walsh et al., 2014b),
basalt (Jung et al., 2014) and shale (Newell and Carey, 2012), are relatively
inert to CO2-rich fluids compared to wellbore cement, with the latter generally
dominating reactive transport on typical experimental timescales.
Nevertheless, some caprocks do interact measurably with CO2-rich fluids
(Lorek et al., 2016; Scherer et al., 2011), and a range of swelling/shrinkage
effects may occur in shales rich in smectitic clays (Busch et al., 2016; de Jong et
al., 2014). Moreover, from a structural perspective, the cement-formation
interface is expected to be the most variable and to depend on the well-specific
context (Daccord et al., 2006a; Ladva et al., 2005). For example, instead of a
“clean interface”, the cement-formation contact may consist of fractured and/or
fragmented rock material (Carey et al., 2007), or contain remnants of drilling
fluids/muds or filter cake, which are known to significantly affect bond
strength (Agbasimalo and Radonjic, 2014; Oyibo and Radonjic, 2014). Given
this variable nature of the cement-rock contact, more (and to all likeliness
wellbore/site-specific) research is needed, in order to assess the potential for
leakage via defect-zones along cement-formation interfaces.

278

References

References
Abdoulghafour, H., Gouze, P., Luquot, L., Leprovost, R., 2016. Characterization
and modeling of the alteration of fractured class-G Portland cement
during flow of CO2-rich brine. Int. J. Greenh. Gas Control.
doi:10.1016/j.ijggc.2016.01.032
Abdoulghafour, H., Luquot, L., Gouze, P., 2013. Characterization of the
mechanisms controlling the permeability changes of fractured cements
flowed through by CO2-rich brine. Environ. Sci. Technol. 47, 10332–8.
doi:10.1021/es401317c

Agbasimalo, N., Radonjic, M., 2014. Experimental Study of the Impact of Drilling
Fluid Contamination on the Integrity of Cement–Formation Interface. J.
Energy Resour. Technol. 136, 42908.

Aguilera, D.R., Jourabchi, P., Spiteri, C., Regnier, P., 2005. A knowledge-based
reactive transport approach for the simulation of biogeochemical
dynamics in Earth systems. Geochemistry, Geophys. Geosystems 6.

Alizadeh, R., Beaudoin, J.J., Raki, L., 2010. Viscoelastic nature of calcium silicate
hydrate. Cem. Concr. Compos. 32, 369–376.

Al-Saiari, H.A., Yean, S., Tomson, M.B., Kan, A.T., 2008. Iron Calcium Carbonate:
Precipitation Interaction, in: SPE International Oilfield Scale Conference.
Society of Petroleum Engineers.
Anderson, G.M., Crerar, D.A., 1993. Thermodynamics in geochemistry: the
equilibrium model. Oxford University Press on Demand.

Andersson, K., Allard, B., Bengtsson, M., Magnusson, B., 1989. Chemical
composition of cement pore solutions. Cem. Concr. Res. 19, 327–332.
doi:10.1016/0008-8846(89)90022-7

Armitage, P.J., Faulkner, D.R., Worden, R.H., 2013. Caprock corrosion. Nat.
Geosci. 6, 79–80.

Armitage, P.J., Faulkner, D.R., Worden, R.H., Aplin, A.C., Butcher, A.R., Iliffe, J.,
2011. Experimental measurement of, and controls on, permeability and
permeability anisotropy of caprocks from the CO2 storage project at the
Krechba Field, Algeria. J. Geophys. Res. Solid Earth 116.
279

References
Bachu, S., 2003. Screening and ranking of sedimentary basins for sequestration
of CO2 in geological media in response to climate change. Environ. Geol.
44, 277–289. doi:10.1007/s00254-003-0762-9
Bachu, S., 2008. CO2 storage in geological media: Role, means, status and
barriers
to
deployment.
Prog.
Energy
Combust.
Sci.
doi:10.1016/j.pecs.2007.10.001

Bachu, S., Bennion, D.B., 2009. Experimental assessment of brine and/or CO2
leakage through well cements at reservoir conditions. Int. J. Greenh. Gas
Control 3, 494–501. doi:10.1016/j.ijggc.2008.11.002
Bachu, S., Watson, T., 2006. Possible indicators for CO2 leakage along wells, in:
8th International Conference on Greenhouse Gas Control Technologies.
pp. 19–22.
Baines, S.J., Worden, R.H., 2004. The long-term fate of CO2 in the subsurface:
natural analogues for CO2 storage. Geol. Soc. London, Spec. Publ. 233, 59–
85. doi:10.1144/GSL.SP.2004.233.01.06

Barclay, I., Pellenbarg, J., Tettero, F., Pfeiffer, J., 2001. The beginning of the end:
a review of abandonment and decommissioning practices. Oilf. Rev. 28–
41.

Bargawi, R.A., Zhou, S., Al-Umran, M.I., Aghnim, W.A., 2005. Expandable Tubular
Successfully Scab off Severe Casing Leaks, in: SPE/IADC Middle East
Drilling Technology Conference and Exhibition, 12-14 September, Dubai,
United
Arab
Emirates.
Society
of
Petroleum
Engineers.
doi:10.2118/97357-MS

Barlet-Gouédard, V., Rimmele, G., Porcherie, O., Quisel, N., Desroches, J., 2009. A
solution against well cement degradation under CO2 geological storage
environment.
Int.
J.
Greenh.
Gas
Control
3,
206–216.
doi:10.1016/j.ijggc.2008.07.005

Barlow, P., 1836. On the force excited by hydraulic pressure in a Bramah press;
the resisting power of the cylinder, and rules for computing the thickness
of metal for presses of various powers and dimensions. Trans. Inst. Civ.
Eng. 1, 133–139. doi:10.1680/itrcs.1836.24488
Bates, R.G., Bower, V.E., Canham, R.G., Prue, J.E., 1959. The dissociation constant
of CaOH+ from 0 to 40 C. Trans. Faraday Soc. 55, 2062–2068.
280

References
Baud, P., Schubnel, A., Wong, T., 2000. Dilatancy, compaction, and failure mode
in Solnhofen limestone. J. Geophys. Res. Solid Earth 105, 19289–19303.
Baud, P., Vajdova, V., Wong, T., 2006. Shear-enhanced compaction and strain
localization: Inelastic deformation and constitutive modeling of four
porous
sandstones.
J.
Geophys.
Res.
111,
B12401.
doi:10.1029/2005JB004101

Bauer, S., Beyer, C., Dethlefsen, F., Dietrich, P., Duttmann, R., Ebert, M., Feeser, V.,
Görke, U., Köber, R., Kolditz, O., Rabbel, W., Schanz, T., Schäfer, D.,
Würdemann, H., Dahmke, A., 2013. Impacts of the use of the geological
subsurface for energy storage: an investigation concept. Environ. Earth
Sci. 70, 3935–3943. doi:10.1007/s12665-013-2883-0

Bear, J., 1972. Dynamics of fluids in porous media. Dover Publications, Inc. New
York.
Becker, G.F., Day, A.L., 1905. The linear force of growing crystals. Proc.
Washingt. Acad. Sci. 8, 238–288.

Becker, G.F., Day, A.L., 1916. Note on the linear force of growing crystals. J. Geol.
24, 313–333.

Benjamin, M.M., 2002. Adsorption reactions. Water Chemistry, 550–627.

Bennion, B., Bachu, S., 2008. Drainage and Imbibition Relative Permeability
Relationships for Supercritical CO2/Brine and H2S/Brine Systems in
Intergranular Sandstone, Carbonate, Shale, and Anhydrite Rocks. SPE
Reserv. Eval. Eng. 11, 487–496. doi:10.2118/99326-PA
Bernabe, Y., 1986. The effective pressure law for permeability in Chelmsford
granite and Barre granite, in: International Journal of Rock Mechanics and
Mining Sciences & Geomechanics Abstracts. Elsevier, pp. 267–275.

Beruto, D., Barco, L., Belleri, G., Searcy, A.W., 1981. Vapor phase hydration of
submicrometer CaO particles. J. Am. Ceram. Soc. 64, 74–80.
Bird, R.B., Stewart, W.E., Lightfoot, E.N., 2002. Transport phenomena, 2nd ed.

Birss, F.W., Thorvaldson, T., 1955. The mechanism of the hydration of calcium
oxide. Can. J. Chem. 33, 881–886.

Blasius, P.R.H., 1913. Das Ähnlichkeitsgesetz bei Reibungsvorgängen in
Flüssigkeiten. Mitteilungen über Forschungsarbeiten auf dem Gebiete des

281

References
Ingenieurwesens 131, 1–41.

Bois, A.-P., Garnier, A., Galdiolo, G., Laudet, J.-B., 2012. Use of a Mechanistic
Model To Forecast Cement-Sheath Integrity. SPE-139668-PA.
doi:10.2118/139668-PA

Bois, A.-P., Vu, M.-H., Ghabezloo, S., Sulem, J., Garnier, A., Laudet, J.-B., 2013.
Cement sheath integrity for CO2 storage–An integrated perspective.
Energy Procedia 37, 5628–5641.

Bonavoglia, B., Storti, G., Morbidelli, M., Rajendran, A., Mazzotti, M., 2006.
Sorption and swelling of semicrystalline polymers in supercritical CO2. J.
Polym. Sci. Part B Polym. Phys. 44, 1531–1546. doi:10.1002/polb.20799

Borgwardt, R.H., 1989. Sintering of nascent calcium oxide. Chem. Eng. Sci. 44,
53–60.
Brandl, A., Cutler, J., Seholm, A., Sansil, M., Braun, G., 2011. Cementing Solutions
for Corrosive Well Environments. SPE Drill. Complet. 26, 208–219.
doi:10.2118/132228-PA

Brown, G., 2002. The History of the Darcy-Weisbach Equation for Pipe Flow
Resistance, in: Environmental and Water Resources History. American
Society of Civil Engineers, pp. 34–43. doi:doi:10.1061/40650(2003)4

Bruce, K.R., Gullett, B.K., Beach, L.O., 1989. Comparative SO2 reactivity of CaO
derived from CaCO3 and Ca (OH) 2. AIChE J. 35, 37–41.

Brufatto, C., Cochran, J., Conn, L., Power, D., El-Zeghaty, S.Z.A.A., Fraboulet, B.,
Griffin, T., James, S., Munk, T., Justus, F., 2003. From mud to cement—
building gas wells. Oilf. Rev. 15, 62–76.

Bruhns, W., Mecklenburg, W., 1913. Über die sogennante Kristallisationskraft.
Jahresbericht des Niedersächsischen Geol. Vereins zu Hann. VI.

Brunet, J.-P.L., Li, L., Karpyn, Z.T., Huerta, N.J., 2016. Fracture opening or selfsealing: Critical residence time as a unifying parameter for cement–CO 2–
brine interactions. Int. J. Greenh. Gas Control 47, 25–37.

Busch, A., Bertier, P., Gensterblum, Y., Rother, G., Spiers, C.J., Zhang, M.,
Wentinck, H.M., 2016. On sorption and swelling of CO2 in clays. Geomech.
Geophys. Geo-Energy Geo-Resources 2, 111–130.
Byrom, T.G., 2014. Casing and Liners for Drilling and Completion: Design and
282

References
Application. Elsevier.

Campbell, K., Smith, R., 2013. Permanent Well Abandonment. W. Ahead 9, 25–
27.

Cao, P., Karpyn, Z.T., Li, L., 2013. Dynamic alterations in wellbore cement
integrity due to geochemical reactions in CO2-rich environments. Water
Resour. Res. 49, 4465–4475.

Cao, P., Karpyn, Z.T., Li, L., 2015. Self-healing of cement fractures under dynamic
flow
of
CO2-rich
brine.
Water
Resour.
Res.
n/a–n/a.
doi:10.1002/2014WR016162
Carey, J.W., 2013. Geochemistry of wellbore integrity in CO2 sequestration:
Portland cement-steel-brine-CO2 interactions. Rev. Mineral. Geochemistry
77, 505–539.

Carey, J.W., Svec, R., Grigg, R., Lichtner, P.C., Zhang, J., Crow, W., 2009. Wellbore
integrity and CO2 -brine flow along the casing-cement microannulus.
Energy Procedia 1, 3609–3615. doi:10.1016/j.egypro.2009.02.156

Carey, J.W., Svec, R., Grigg, R., Zhang, J., Crow, W., 2010. Experimental
investigation of wellbore integrity and CO2–brine flow along the casing–
cement microannulus. Int. J. Greenh. Gas Control 4, 272–282.

Carey, J.W., Wigand, M., Chipera, S.J., WoldeGabriel, G., Pawar, R., Lichtner, P.C.,
Wehner, S.C., Raines, M.A., Guthrie, G.D., 2007. Analysis and performance
of oil well cement with 30 years of CO2 exposure from the SACROC Unit,
West Texas, USA. Int. J. Greenh. Gas Control 1, 75–85. doi:10.1016/S17505836(06)00004-1
Carroll, S.A., Carey, J.W., Dzombak, D., Huerta, N.J., Li, L., Richard, T., Um, W.,
Walsh, S.D.C., Zhang, L., 2016. Review: Role of chemistry, mechanics, and
transport on well integrity in CO 2 storage environments. Int. J. Greenh.
Gas Control 49, 149–160.

Celata, G.P., Cumo, M., Guglielmi, M., Zummo, G., 2002. Experimental
investigation of hydraulic and single-phase heat transfer in 0.130-mm
capillary
tube.
Microscale
Thermophys.
Eng.
6,
85–97.
doi:10.1080/10893950252901240

Celia, M.A., Bachu, S., 2003. Greenhouse Gas Control Technologies - 6th
International Conference, Greenhouse Gas Control Technologies - 6th

283

References
International
1/50076-3

Conference.

Elsevier.

doi:10.1016/B978-008044276-

Celia, M.A., Nordbotten, J.M., Bachu, S., Dobossy, M., Court, B., 2009. Risk of
Leakage versus Depth of Injection in Geological Storage. Energy Procedia
1, 2573–2580. doi:10.1016/j.egypro.2009.02.022

Chang, C.F., Chen, J.W., 2005. Strength and elastic modulus of carbonated
concrete. ACI Mater. J. 102, 315–321. doi:10.14359/14710

Chatterji, S., 1995. Mechanism of expansion of concrete due to the presence of
dead-burnt CaO and MgO. Cem. Concr. Res. 25, 51–56.

Chen, J., Verberne, B.A., Spiers, C.J., 2015. Interseismic re-strengthening and
stabilization of carbonate faults by “non-Dieterich” healing under
hydrothermal conditions. Earth Planet. Sci. Lett. 423, 1–12.
doi:10.1016/j.epsl.2015.03.044

Choi, Y.-S., Young, D., Nešić, S., Gray, L.G.S., 2013. Wellbore integrity and
corrosion of carbon steel in CO2 geologic storage environments: A
literature review. Int. J. Greenh. Gas Control 16, S70–S77.

Chou, L., Garrels, R.M., Wollast, R., 1989. Comparative study of the kinetics and
mechanisms of dissolution of carbonate minerals. Chem. Geol. 78, 269–
282. doi:10.1016/0009-2541(89)90063-6

Çolak, A., 2006. A new model for the estimation of compressive strength of
Portland cement concrete. Cem. Concr. Res. 36, 1409–1413.
doi:10.1016/j.cemconres.2006.03.002
Condor, J., Asghari, K., 2009. Experimental Study of Stability and Integrity of
Cement in Wellbores Used for CO2 Storage. Energy Procedia 1, 3633–
3640. doi:10.1016/j.egypro.2009.02.159

Connell, L., Down, D., Lu, M., Hay, D., Heryanto, D., 2015. An investigation into
the integrity of wellbore cement in CO2 storage wells: Core flooding
experiments and simulations. Int. J. Greenh. Gas Control 37, 424–440.
Correns, C.W., 1949. Growth and dissolution of crystals under linear pressure.
Discuss. Faraday Soc. 5, 267–271.

Correns, C.W., Steinborn, W., 1939. Experimente zur Messung und Erklärung
der sogenannten Kristallisationskraft. Zeitschrift für Krist. Mater. 101,
284

References
117–133.

Coussy, O., 2005. Poromechanics of freezing materials. J. Mech. Phys. Solids 53,
1689–1718. doi:10.1016/j.jmps.2005.04.001

Cowan, M., 2007. Field Study Results Improve Squeeze Cementing Success, in:
Production and Operations Symposium, 31 March-3 April, Oklahoma City,
Oklahoma, U.S.A. Society of Petroleum Engineers. doi:10.2118/106765MS

Crank, J., 1975. The mathematics of diffusion, 2nd ed. Oxford University Press.

Crow, W., Carey, J.W., Gasda, S., Brian Williams, D., Celia, M.A., 2010. Wellbore
integrity analysis of a natural CO2 producer. Int. J. Greenh. Gas Control 4,
186–197. doi:10.1016/j.ijggc.2009.10.010
Curran, J.H., Carroll, M.M., 1979. Shear stress enhancement of void compaction.
J.
Geophys.
Res.
Solid
Earth
84,
1105–1112.
doi:10.1029/JB084iB03p01105

Daccord, G., Craster, B., Ladva, H., Jones, T., Manescu, G., 2006a. Cementformation interactions, in: Nelson, E.B., Guillot, D. (Eds.), Well Cementing.
Schlumberger, Sugar Land, TX 77478, USA, p. 773.
Daccord, G., Guillot, D., James, S., 2006b. Remedial cementing, in: Nelson, E.B.,
Guillot, D. (Eds.), Well Cementing. Schlumberger, Sugar Land, TX 77478,
USA, p. 773.

Daccord, G., Guillot, D., Nillson, F., 2006c. Mud removal, in: Nelson, E.B., Guillot,
D. (Eds.), Well Cementing. Schlumberger, Sugar Land, TX 77478, USA, p.
773.
Darley, H.C.H., Gray, G.R., 1988. Composition and properties of drilling and
completion fluids. Gulf Professional Publishing.

Davis, R.O., Selvadurai, A.P.S., 2002. Plasticity and geomechanics. Cambridge
University Press.

de Boer, R.B., 1977. On the thermodynamics of pressure solution—interaction
between chemical and mechanical forces. Geochim. Cosmochim. Acta 41,
249–256.

de Jong, S.M., Spiers, C.J., Busch, A., 2014. Development of swelling strain in
smectite clays through exposure to carbon dioxide. Int. J. Greenh. Gas
285

References
Control 24, 149–161.

de la Fuente, D., Díaz, I., Simancas, J., Chico, B., Morcillo, M., 2011. Long-term
atmospheric corrosion of mild steel. Corros. Sci. 53, 604–617.
doi:10.1016/j.corsci.2010.10.007
de Meer, S., Spiers, C.J., Nakashima, S., 2005. Structure and diffusive properties
of fluid-filled grain boundaries: An in-situ study using infrared (micro)
spectroscopy. Earth Planet. Sci. Lett. 232, 403–414.

de Meer, S., Spiers, C.J., Peach, C.J., Watanabe, T., 2002. Diffusive properties of
fluid-filled grain boundaries measured electrically during active pressure
solution. Earth Planet. Sci. Lett. 200, 147–157.

Deremble, L., Loizzo, M., Huet, B., Lecampion, B., Quesada, D., 2011. Stability of a
leakage pathway in a cemented annulus. Energy Procedia 4, 5283–5290.

Di Crescenzo, D., Shuster, M., Petlyuk, A., Ernens, D., Zijsling, D., Pasaribu, H.,
2015. Lubricants and Accelerated Test Methods for Expandable Tubular
Application, in: SPE/IADC Drilling Conference and Exhibition, 17-19
March, London, England, UK. Society of Petroleum Engineers.
doi:10.2118/173111-MS

Dražić, D.M., Hao, C.S., 1982. The anodic dissolution process on active iron in
alkaline solutions. Electrochim. Acta 27, 1409–1415.

Drucker, D.C., Prager, W., 1952. Soil mechanics and plastic analysis or limit
design. Q. Appl. Math. 10, 157–165.

Duan, Z., Sun, R., 2003. An improved model calculating CO2 solubility in pure
water and aqueous NaCl solutions from 273 to 533 K and from 0 to 2000
bar. Chem. Geol. 193, 257–271.

Duchesne, J., Reardon, E.J., 1995. Measurement and prediction of portlandite
solubility in alkali solutions. Cem. Concr. Res. 25, 1043–1053.

Dugstad, A., 1998. Mechanism of protective film formation during CO2
corrosion of carbon steel. Corros. 98.
Duguid, A., 2009. An estimate of the time to degrade the cement sheath in a well
exposed to carbonated brine. Energy Procedia 1, 3181–3188.
doi:10.1016/j.egypro.2009.02.101

Duguid, A., Radonjic, M., Bruant, R., Mandecki, T., Scherer, G., Celia, M., 2004. The
286

References
effect of CO2 sequestration on oil well cements, in: Greenhouse Gas
Technologies Conference (GHGT–7).

Duguid, A., Radonjic, M., Scherer, G.W., 2011. Degradation of cement at the
reservoir/cement interface from exposure to carbonated brine. Int. J.
Greenh. Gas Control 5, 1413–1428.

Duguid, A., Scherer, G.W., 2010. Degradation of oilwell cement due to exposure
to carbonated brine. Int. J. Greenh. Gas Control 4, 546–560.
doi:10.1016/j.ijggc.2009.11.001

Dupal, K.K., Campo, D.B., Lofton, J.E., Weisinger, D., Cook, R.L., Bullock, M.D.,
Grant, T.P., York, P.L., 2001. Solid Expandable Tubular Technology - A
Year of Case Histories in the Drilling Environment, in: SPE/IADC Drilling
Conference, 27 February-1 March, Amsterdam, Netherlands. Society of
Petroleum Engineers. doi:10.2118/67770-MS
Dusseault, M.B., Gray, M.N., Nawrocki, P. a, 2000. Why oilwells leak: Cement
behavior and long-term consequences, in: SPE International Oil and Gas
Conference and Exhibition, SPE 64733. p. 8. doi:10.2118/64733-MS

Dyer, S.., Graham, G.., 2002. The effect of temperature and pressure on oilfield
scale formation. J. Pet. Sci. Eng. 35, 95–107. doi:10.1016/S09204105(02)00217-6

Engkvist, I., Albinsson, Y., Johansson Engkvist, W., 1996. The long-term stability
of cement: Leaching tests. Swedish Nuclear Fuel and Waste Management
Co.

Espinosa Marzal, R.M., Scherer, G.W., 2008. Crystallization of sodium sulfate
salts in limestone. Environ. Geol. 56, 605–621. doi:10.1007/s00254-0081441-7

Everett, D.H., 1961. The thermodynamics of frost damage to porous solids.
Trans. Faraday Soc. 57, 1541–1551.

Fabbri, A., Corvisier, J., Schubnel, A., Brunet, F., Goffé, B., Rimmele, G., BarletGouédard, V., 2009. Effect of carbonation on the hydro-mechanical
properties of Portland cements. Cem. Concr. Res. 39, 1156–1163.

Feia, S., Dupla, J.C., Ghabezloo, S., Sulem, J., Canou, J., Onaisi, A., Lescanne, H.,
Aubry, E., 2015. Experimental investigation of particle suspension
injection and permeability impairment in porous media. Geomech. Energy
287

References
Environ. 3, 24–39.

Fitts, C.R., 2002. Groundwater science. Academic press.

Flatt, R.J., Scherer, G.W., 2008. Thermodynamics of crystallization stresses in
DEF. Cem. Concr. Res. 38, 325–336. doi:10.1016/j.cemconres.2007.10.002

Flatt, R.J., Steiger, M., Scherer, G.W., 2006. A commented translation of the paper
by C.W. Correns and W. Steinborn on crystallization pressure. Environ.
Geol. 52, 187–203. doi:10.1007/s00254-006-0509-5

Fletcher, R.C., Merino, E., 2001. Mineral growth in rocks: kinetic-rheological
models of replacement, vein formation, and syntectonic crystallization.
Geochim. Cosmochim. Acta 65, 3733–3748. doi:10.1016/S00167037(01)00726-8

Fleury, M., Deschamps, H., 2008. Electrical conductivity and viscosity of
aqueous NaCl solutions with dissolved CO2. J. Chem. Eng. Data 53, 2505–
2509.

Fredrich, J.T., Evans, B., Wong, T.-F., 1989. Micromechanics of the brittle to
plastic transition in Carrara marble. J. Geophys. Res. Solid Earth 94, 4129–
4145. doi:10.1029/JB094iB04p04129

Fuertes, A.B., Alvarez, D., Rubiera, F., Pis, J.J., Marban, G., Palacos, J.M., 1991.
Surface area and pore size changes during sintering of calcium oxide
particles. Chem. Eng. Commun. 109, 73–88.

Gasda, S.E., Bachu, S., Celia, M.A., 2004. Spatial characterization of the location of
potentially leaky wells penetrating a deep saline aquifer in a mature
sedimentary basin. Environ. Geol. 46, 707–720. doi:10.1007/s00254-0041073-5

Geloni, C., Giorgis, T., Battistelli, A., 2011. Modeling of Rocks and Cement
Alteration due to CO2 Injection in an Exploited Gas Reservoir. Transp.
Porous Media 90, 183–200. doi:10.1007/s11242-011-9714-0

Ghabezloo, S., Sulem, J., Guédon, S., Martineau, F., Saint-Marc, J., 2008.
Poromechanical behaviour of hardened cement paste under isotropic
loading. Cem. Concr. Res. 38, 1424–1437.
Ghofrani, R., Plack, H., 1993. CaO- and/or MgO-Swelling Cements: A Key for
Providing a Better Annular Sealing?, in: SPE/IADC Drilling Conference.
288

References
Society of Petroleum Engineers. doi:10.2118/25697-MS

Gibbs, J.W., 1928. The Collected Works of J. Willard Gibbs, Volume I:
Thermodynamics. Yale University Press.
Giles, D.E., Ritchie, I.M., Xu, B.-A., 1993. The kinetics of dissolution of slaked
lime. Hydrometallurgy 32, 119–128.

Gilfillan, S.M. V, Lollar, B.S., Holland, G., Blagburn, D., Stevens, S., Schoell, M.,
Cassidy, M., Ding, Z., Zhou, Z., Lacrampe-Couloume, G., Ballentine, C.J.,
2009. Solubility trapping in formation water as dominant CO2 sink in
natural gas fields. Nature 458, 614–618. doi:10.1038/nature07852

Glasson, D.R., 1958a. Reactivity of lime and related oxides. II. Sorption of water
vapour on calcium oxide. J. Appl. Chem. 8, 798–803.

Glasson, D.R., 1958b. Reactivity of lime and related oxides. I. Production of
calcium oxide. J. Appl. Chem. 8, 793–797.

Gratier, J.-P., Frery, E., Deschamps, P., Røyne, A., Renard, F., Dysthe, D., EllouzZimmerman, N., Hamelin, B., 2012. How travertine veins grow from top to
bottom and lift the rocks above them: The effect of crystallization force.
Geology 40, 1015–1018.

Guéguen, Y., Palciauskas, V., 1994. Introduction to the Physics of Rocks.
Princeton University Press.
Hagen, G., 1839. Über die Bewegung des Wassers in engen cylindrischen
Röhren. Ann. Phys. 122, 423–442.

Han, J., Carey, J.W., Zhang, J., 2011. A coupled electrochemical–geochemical
model of corrosion for mild steel in high-pressure CO2–saline
environments. Int. J. Greenh. Gas Control 5, 777–787.
Han, J., Carey, J.W., Zhang, J., 2012. Degradation of cement-steel composite at
bonded steel-cement interfaces in supercritical CO2 saturated brines
simulating wellbore systems, in: NACE - International Corrosion
Conference Series. pp. 151–179.

Hangx, S.J.T., Spiers, C.J., Peach, C.J., 2010a. The effect of deformation on
permeability development in anhydrite and implications for caprock
integrity during geological storage of CO2. Geofluids 10, 369–387.
doi:10.1111/j.1468-8123.2010.00299.x
289

References
Hangx, S.J.T., Spiers, C.J., Peach, C.J., 2010b. Mechanical behavior of anhydrite
caprock and implications for CO2 sealing capacity. J. Geophys. Res. 115,
B07402. doi:10.1029/2009JB006954
Hangx, S.J.T., van der Linden, A., Marcelis, F., Liteanu, E., 2015. Defining the
brittle failure envelopes of individual reaction zones observed in CO2exposed wellbore cement. Environ. Sci. Technol. 50, 1031–1038.
doi:10.1021/acs.est.5b03097

Harp, D.R., Pawar, R., Carey, J.W., Gable, C.W., 2016. Reduced order models of
transient CO 2 and brine leakage along abandoned wellbores from
geologic carbon sequestration reservoirs. Int. J. Greenh. Gas Control 45,
150–162.

Haut, R.C., Crook, R.J., 1979. Primary Cementing: The Mud Displacement
Process, in: SPE Annual Technical Conference and Exhibition, 23-26
September, Las Vegas, Nevada. Society of Petroleum Engineers.
doi:10.2118/8253-MS
Haynes, W.M., 2014. CRC handbook of chemistry and physics. CRC press.
Henry, K.S., 2000. A review of the thermodynamics of frost heave.

Hepple, R.P., Benson, S.M., 2005. Geologic storage of carbon dioxide as a climate
change mitigation strategy: performance requirements and the
implications of surface seepage. Environ. Geol. 47, 576–585.
doi:10.1007/s00254-004-1181-2

Heukamp, F.H., Ulm, F.-J., Germaine, J.T., 2003. Poroplastic properties of
calcium-leached cement-based materials. Cem. Concr. Res. 33, 1155–
1173. doi:10.1016/S0008-8846(03)00024-3

Hidalgo, A., Domingo, C., Garcia, C., Petit, S., Andrade, C., Alonso, C., 2008.
Microstructural changes induced in Portland cement-based materials due
to natural and supercritical carbonation. J. Mater. Sci. 43, 3101–3111.

Hofstee, C., Seeberger, F., Orlic, B., Mulders, F., Van Bergen, F., Bisschop, R.,
2008. The feasibility of effective and safe carbon dioxide storage in the De
Lier gas field. First Break 26, 53–57.

Holloway, S., 2001. Storage of fossil fuel-derived carbon dioxide beneath the
surface of the Earth. Annu. Rev. Energy Environ. 26, 145–166.
doi:10.1146/annurev.energy.26.1.145
290

References
Hou, M.Z., Bauer, S., Kolditz, O., Xie, H., Li, X., Yang, C., Yuan, Y., 2013. Use of the
Geological Subsurface for Production, Storage and Conversion of Clean
Energy, in: ISRM SINOROCK 2013, 18-20 June, Shanghai, China.
International Society for Rock Mechanics.

Hsieh, P.A., Tracy, J. V, Neuzil, C.E., Bredehoeft, J.D., Silliman, S.E., 1981. A
transient laboratory method for determining the hydraulic properties of
“tight”rocks—I. Theory, in: International Journal of Rock Mechanics and
Mining Sciences & Geomechanics Abstracts. Elsevier, pp. 245–252.

Hsu, T.T.C., Slate, F.O., 1963. Tensile bond strength between aggregate and
cement paste or mortar, in: ACI Journal Proceedings. ACI.

Huerta, N.J., Bryant, S.L., Strazisar, B.R., Hesse, M., 2011. Dynamic alteration
along a fractured cement/cement interface: Implications for long term
leakage risk along a well with an annulus defect. Energy Procedia 4,
5398–5405.
Huerta, N.J., Bryant, S.L., Strazisar, B.R., Kutchko, B.G., Conrad, L.C., 2009. The
influence of confining stress and chemical alteration on conductive
pathways within wellbore cement. Energy Procedia 1, 3571–3578.
doi:10.1016/j.egypro.2009.02.151
Huerta, N.J., Hesse, M.A., Bryant, S.L., Strazisar, B.R., Lopano, C., 2016. Reactive
transport of CO2-saturated water in a cement fracture: Application to
wellbore leakage during geologic CO2 storage. Int. J. Greenh. Gas Control
44, 276–289. doi:10.1016/j.ijggc.2015.02.006
Huerta, N.J., Hesse, M.A., Bryant, S.L., Strazisar, B.R., Lopano, C.L., 2013.
Experimental evidence for self-limiting reactive flow through a fractured
cement core: implications for time-dependent wellbore leakage. Environ.
Sci. Technol. 47, 269–75. doi:10.1021/es3013003

Huet, B.M., Prevost, J.H., Scherer, G.W., 2010. Quantitative reactive transport
modeling of Portland cement in CO2-saturated water. Int. J. Greenh. Gas
Control 4, 561–574. doi:10.1016/j.ijggc.2009.11.003

Idiart, A.E., López, C.M., Carol, I., 2011. Chemo-mechanical analysis of concrete
cracking and degradation due to external sulfate attack: A meso-scale
model.
Cem.
Concr.
Compos.
33,
411–423.
doi:10.1016/j.cemconcomp.2010.12.001
291

References
Ingraffea, A.R., Wells, M.T., Santoro, R.L., Shonkoff, S.B.C., 2014. Assessment and
risk analysis of casing and cement impairment in oil and gas wells in
Pennsylvania, 2000–2012. Proc. Natl. Acad. Sci. 111 , 10955–10960.
doi:10.1073/pnas.1323422111

IPCC, 2005. IPCC Special Report on Carbon Dioxide Capture and Storage.
Prepared by Working Group III of the Intergovernmental Panel on Climate
Change [Metz, B., O. Davidson, H. C. de Coninck, M. Loos, and L. A. Meyer
(eds.)]. Cambridge University Press, Cambridge, United Kingdom and Ne
w York, NY, USA.

Islam, A.W., Carlson, E.S., 2012. Viscosity models and effects of dissolved CO2.
Energy & Fuels 26, 5330–5336.

ISO 11960, 2004. Petroleum and natural gas industries - Steel pipes for use as
casing or tubing for wells. Int. Organ. Stand. Geneva.
Israelachvili, J.N., 2011. Intermolecular and surface forces: revised third edition.
Academic press.

Jackson, R.E., Dusseault, M.B., 2014. Gas Release Mechanisms from Energy
Wellbores. ARMA 14-7753.

Jacobs, M., 2016. High pressure for low emissions: How civil society created the
Paris climate agreement. Juncture 22, 314–323. doi:10.1111/j.20505876.2016.00881.x

Jacobson, R.L., Langmuir, D., 1974. Dissociation constants of calcite and CaHC0
3+ from 0 to 50° C. Geochim. Cosmochim. Acta 38, 301–318.
Jaeger, J.., Cook, N.G.., Zimmerman, R.W., 2007. Fundamentals of Rock
Mechanics, 4th ed. Blackwell Publishing.
Jamtveit, B., Malthe-Sørenssen, A., Kostenko, O., 2008a. Reaction enhanced
permeability during retrogressive metamorphism. Earth Planet. Sci. Lett.
267, 620–627. doi:10.1016/j.epsl.2007.12.016

Jamtveit, B., Putnis, C. V., Malthe-Sørenssen, A., 2008b. Reaction induced
fracturing during replacement processes. Contrib. to Mineral. Petrol. 157,
127–133. doi:10.1007/s00410-008-0324-y
Jennings, H.M., 2008. Refinements to colloid model of CSH in cement: CM-II.
Cem. Concr. Res. 38, 275–289.
292

References
Jordan, A.B., Stauffer, P.H., Harp, D., Carey, J.W., Pawar, R.J., 2015. A response
surface model to predict CO 2 and brine leakage along cemented
wellbores. Int. J. Greenh. Gas Control 33, 27–39.

Jordan, M.M., Kemp, S., Sorhaug, E., Sjursaether, K., Freer, B., 2003. Effective
Management of Scaling from and Within Carbonate Oil Reservoirs, North
Sea
Basin.
Chem.
Eng.
Res.
Des.
81,
359–372.
doi:10.1205/02638760360596919
Jung, H.B., Kabilan, S., Carson, J.P., Kuprat, A.P., Um, W., Martin, P., Dahl, M.,
Kafentzis, T., Varga, T., Stephens, S., Arey, B., Carroll, K.C., Bonneville, A.,
Fernandez, C.A., 2014. Wellbore cement fracture evolution at the cement–
basalt caprock interface during geologic carbon sequestration. Appl.
Geochemistry 47, 1–16. doi:10.1016/j.apgeochem.2014.04.010
Jung, H.B., Um, W., 2013. Experimental study of potential wellbore cement
carbonation by various phases of carbon dioxide during geologic carbon
sequestration. Appl. Geochemistry 35, 161–172.
Kaiser, M.J., 2015. Decommissioning forecast in the deepwater Gulf of Mexico,
2013–2033. Mar. Struct. 41, 96–126. doi:10.1016/j.marstruc.2014.12.006

Kamb, W.B., 1959. Theory of preferred crystal orientation developed by
crystallization under stress. J. Geol. 153–170.
Kamb, W.B., 1961. The thermodynamic theory of nonhydrostatically stressed
solids. J. Geophys. Res. 66, 259–271.

Kampman, N., Burnside, N.M., Shipton, Z.K., Chapman, H.J., Nicholl, J.A., Ellam,
R.M., Bickle, M.J., 2012. Pulses of carbon dioxide emissions from
intracrustal faults following climatic warming. Nat. Geosci 5, 352–358.

Kelemen, P.B., Hirth, G., 2012. Reaction-driven cracking during retrograde
metamorphism: Olivine hydration and carbonation. Earth Planet. Sci. Lett.
345, 81–89.

Kelemen, P.B., Matter, J., Streit, E.E., Rudge, J.F., Curry, W.B., Blusztajn, J., 2011.
Rates and Mechanisms of Mineral Carbonation in Peridotite: Natural
Processes and Recipes for Enhanced, in situ CO2 Capture and Storage.
Annu. Rev. Earth Planet. Sci. 39, 545–576. doi:10.1146/annurev-earth092010-152509
Kelm, C.H., Faul, R.R., 1999. Well Abandonment—A &quot;Best Practices&quot;
293

References
Approach Can Reduce Environmental Risk, in: SPE Asia Pacific Oil and Gas
Conference and Exhibition, 20-22 April, Jakarta, Indonesia. Society of
Petroleum Engineers. doi:10.2118/54344-MS

Kennedy, L.A., White, J.C., 2001. Low-temperature recrystallization in calcite:
Mechanisms and consequences. Geology 29, 1027–1030.

Keulen, N.T., Den Brok, S.W.J., Spiers, C.J., 2001. Force of crystallisation of
gypsum during hydration of synthetic anhydrite rock, in: 13th DRT
Conference: Deformation Mechanisms, Rheology, and Tectonics.

Khaimov-Mal’kov, V.Y., 1959a. Experimental Measurement of Crystallization
Pressure, in: Growth of Crystals. Springer, pp. 14–19.
Khaimov-Mal’kov, V.Y., 1959b. The Thermodynamics of Crystallization
Pressure, in: Growth of Crystals. Springer, pp. 3–13.

Kjøller, C., Sigalas, L., Frykman, P., Bjørge, R., Torsæter, M., 2016. Cement SelfHealing as a Result of CO2 Leakage. Energy Procedia 86, 342–351.
doi:10.1016/j.egypro.2016.01.035
Koutsoukos, P.G., Kontoyannis, C.G., 1984. Precipitation of calcium carbonate in
aqueous solutions. J. Chem. Soc. Faraday Trans. 1 Phys. Chem. Condens.
Phases 80, 1181–1192.

Kudłacz, K., Rodriguez-Navarro, C., 2014a. The Mechanism of Vapor Phase
Hydration of Calcium Oxide: Implications for CO2 capture. Environ. Sci.
Technol. 48, 12411–12418.

Kudłacz, K., Rodriguez-Navarro, C., 2014b. The mechanism of vapor phase
hydration of calcium oxide: implications for CO2 capture. Environ. Sci.
Technol. 48, 12411–8. doi:10.1021/es5034662

Kupresan, D., Heathman, J., Radonjic, M., 2013. Application of a New Physical
Model of Expandable Casing Technology in Mitigation of Wellbore Leaks.
J. Can. Energy Technol. Innov. 1.
Kupresan, D., Heathman, J., Radonjic, M., 2014. Experimental Assessment of
Casing Expansion as a Solution to Microannular Gas Migration, in:
IADC/SPE Drilling Conference and Exhibition, 4-6 March, Fort Worth,
Texas, USA. Society of Petroleum Engineers. doi:10.2118/168056-MS

Kutchko, B.G., Strazisar, B.R., Dzombak, D.A., Lowry, G. V., Thaulow, N., 2007.
294

References
Degradation of well cement by CO2 under geologic sequestration
conditions. Environ. Sci. Technol. 41, 4787–92.

Kutchko, B.G., Strazisar, B.R., Huerta, N., Lowry, G. V., Dzombak, D.A., Thaulow,
N., 2009. CO2 Reaction with Hydrated Class H Well Cement under
Geologic Sequestration Conditions: Effects of Flyash Admixtures. Environ.
Sci. Technol. 43, 3947–3952. doi:10.1021/es803007e

Kutchko, B.G., Strazisar, B.R., Lowry, G. V., Dzombak, D.A., Thaulow, N., 2008.
Rate of CO2 attack on hydrated Class H well cement under geologic
sequestration conditions. Environ. Sci. Technol. 42, 6237–42.
Ladva, H.K.J., Craster, B., Jones, T.G.J., Goldsmith, G., Scott, D., 2005. The Cementto-Formation Interface in Zonal Isolation. SPE Drill. Complet. 20.
doi:10.2118/88016-PA

Lasaga, A.C., 2014. Kinetic theory in the earth sciences. Princeton University
Press.

Laudet, J.-B., Garnier, A., Neuville, N., Le Guen, Y., Fourmaintraux, D., Rafai, N.,
Burlion, N., Shao, J.-F., 2011. The behavior of oil well cement at downhole
CO 2 storage conditions: Static and dynamic laboratory experiments.
Energy Procedia 4, 5251–5258.

Lecampion, B., Bunger, A., Kear, J., Quesada, D., 2013. Interface debonding
driven by fluid injection in a cased and cemented wellbore: Modeling and
experiments.
Int.
J.
Greenh.
Gas
Control
18,
208–223.
doi:10.1016/j.ijggc.2013.07.012
Lecampion, B., Quesada, D., Loizzo, M., Bunger, A., Kear, J., Deremble, L.,
Desroches, J., 2011. Interface debonding as a controlling mechanism for
loss of well integrity: Importance for CO2 injector wells. Energy Procedia
4, 5219–5226. doi:10.1016/j.egypro.2011.02.500

Lee, K., Kuo, C., HSIEH, C., HSIANG, H., WANG, C., 2011. Study of mechanical and
microscopic properties of API G cement with additives exposed to CO2rich environment. Rock Soil Mech. 32, 346–350.

Lehner, F.K., 1990. Thermodynamics of rock deformation by pressure solution,
in: Deformation Processes in Minerals, Ceramics and Rocks. Springer, pp.
296–333.

Lehner, F.K., 1995. A model for intergranular pressure solution in open
295

References
systems. Tectonophysics 245, 153–170.

Lewis, K., Zyvoloski, G.A., Kelkar, S., Carey, J.W., 2012. Coupled stress and flow
along interfaces in the wellbore environment in relation to CO2
sequestration, in: 46th US Rock Mechanics/Geomechanics Symposium.
American Rock Mechanics Association.
Li, D., Wong, L.N.Y., 2013. The Brazilian disc test for rock mechanics
applications: review and new insights. Rock Mech. rock Eng. 46, 269–287.

Li, D.G., Feng, Y.R., Bai, Z.Q., Zheng, M.S., 2007. Characteristics of CO2 corrosion
scale formed on N80 steel in stratum water with saturated CO2. Appl.
Surf. Sci. 253, 8371–8376. doi:10.1016/j.apsusc.2007.04.011
Li, L., Steefel, C.I., Yang, L., 2008. Scale dependence of mineral dissolution rates
within single pores and fractures. Geochim. Cosmochim. Acta 72, 360–
377.

Li, Q., Lim, Y.M., Flores, K.M., Kranjc, K., Jun, Y.-S., 2015. Chemical Reactions of
Portland Cement with Aqueous CO2 and Their Impacts on Cement’s
Mechanical Properties under Geologic CO2 Sequestration Conditions.
Environ. Sci. Technol. 49, 6335–6343. doi:10.1021/es5063488
Lippmann, F., 1973. Sedimentary carbonate minerals. Springer.

Liteanu, E., Spiers, C.J., 2011. Fracture healing and transport properties of
wellbore cement in the presence of supercritical CO2. Chem. Geol. 281,
195–210. doi:10.1016/j.chemgeo.2010.12.008

Liteanu, E., Spiers, C.J., Peach, C.J., 2009. Failure behaviour wellbore cement in
the presence of water and supercritical CO2. Energy Procedia 1, 3553–
3560. doi:10.1016/j.egypro.2009.02.149
Liversidge, D., Taoutaou, S., Agarwal, S., 2006. Permanent Plug and
Abandonment Solution for the North Sea, in: SPE Asia Pacific Oil & Gas
Conference and Exhibition, 11-13 September, Adelaide, Australia. Society
of Petroleum Engineers. doi:10.2118/100771-MS
Lorek, A., Labus, M., Bujok, P., 2016. Wellbore cement degradation in contact
zone with formation rock. Environ. Earth Sci. 75, 1–15.

Lothenbach, B., Matschei, T., Möschner, G., Glasser, F.P., 2008. Thermodynamic
modelling of the effect of temperature on the hydration and porosity of
296

References
Portland cement. Cem. Concr. Res. 38, 1–18.

Lothenbach, B., Winnefeld, F., Alder, C., Wieland, E., Lunk, P., 2007. Effect of
temperature on the pore solution, microstructure and hydration products
of Portland cement pastes. Cem. Concr. Res. 37, 483–491.

Luquot, L., Abdoulghafour, H., Gouze, P., 2013. Hydro-dynamically controlled
alteration of fractured Portland cements flowed by CO2-rich brine. Int. J.
Greenh. Gas Control 16, 167–179. doi:10.1016/j.ijggc.2013.04.002
Mainguy, M., Longuemare, P., Audibert, A., Lécolier, E., 2007. Analyzing the risk
of well plug failure after abandonment. Oil Gas Sci. Technol. Rev. 62, 311–
324. doi:10.2516/ogst

Manceau, J.-C., Tremosa, J., Audigane, P., Lerouge, C., Claret, F., Lettry, Y., Fierz,
T., Nussbaum, C., 2015. Well integrity assessment under temperature and
pressure stresses by a 1: 1 scale wellbore experiment. Water Resour. Res.
51, 6093–6109.
Mao, S., Duan, Z., 2009. The Viscosity of Aqueous Alkali-Chloride Solutions up to
623 K, 1,000 bar, and High Ionic Strength. Int. J. Thermophys. 30, 1510–
1523. doi:10.1007/s10765-009-0646-7

Marbun, B., 2006. Kinetik der Hydratation von CaO und MgO. Technischen
Universität Clausthal.
Marty, N.C.M., Tournassat, C., Burnol, A., Giffaut, E., Gaucher, E.C., 2009.
Influence of reaction kinetics and mesh refinement on the numerical
modelling of concrete/clay interactions. J. Hydrol. 364, 58–72.

Mason, H.E., Du Frane, W.L., Walsh, S.D.C., Dai, Z., Charnvanichborikarn, S.,
Carroll, S.A., 2013. Chemical and mechanical properties of wellbore
cement altered by CO₂-rich brine using a multianalytical approach.
Environ. Sci. Technol. 47, 1745–52. doi:10.1021/es3039906
Matschei, T., Glasser, F.P., 2007. Interactions between Portland cement and
carbon dioxide. Proc. 12th ICCC, Montr.

Matschei, T., Lothenbach, B., Glasser, F.P., 2007. Thermodynamic properties of
Portland cement hydrates in the system CaO–Al 2 O 3–SiO 2–CaSO 4–
CaCO 3–H 2 O. Cem. Concr. Res. 37, 1379–1410.

McLean, M.R., Addis, M.A., 1990. Wellbore Stability: The Effect of Strength
297

References
Criteria on Mud Weight Recommendations, in: SPE Annual Technical
Conference and Exhibition, 23-26 September, New Orleans, Louisiana.
Society of Petroleum Engineers. doi:10.2118/20405-MS

McLellan, A.G., 1968. The chemical potential in thermodynamic systems under
non-hydrostatic stresses, in: Proceedings of the Royal Society of London
A: Mathematical, Physical and Engineering Sciences. The Royal Society,
pp. 1–13.

Means, W.D., Li, T., 2001. A laboratory simulation of fibrous veins: some first
observations. J. Struct. Geol. 23, 857–863.

Meng, Q., Xie, Z., Feng, L., 2003. An introduction to the expandible casing
technology. Drill. Prod. Technol. 4, 23.
Merino, E., Dewers, T., 1998. Implications of replacement for reaction–transport
modeling. J. Hydrol. 209, 137–146. doi:10.1016/S0022-1694(98)00150-4

Miyazaki, B., 2009. Well integrity: An overlooked source of risk and liability for
underground natural gas storage. Lessons learned from incidents in the
USA. Geol. Soc. London, Spec. Publ. 313, 163–172. doi:10.1144/SP313.11

Montgomery, C.T., 2006. Implications of cementing for well production and
performance, in: Nelson, E.B., Guillot, D. (Eds.), Well Cementing.
Schlumberger, Sugar Land, TX 77478, USA, p. 773.

Nelson, E.B., Barlet-Gouédard, V., 2006. Thermal cements, in: Nelson, E.B.,
Guillot, D. (Eds.), Well Cementing. Schlumberger, Sugar Land, TX 77478,
USA, p. 773.

Nelson, E.B., Guillot, D. (Eds.), 2006. Well cementing, Second Edi. ed.
Schlumberger, Sugar Land, TX 77478, USA.

Nelson, E.B., Michaux, M., 2006. Chemistry and characterization of Portland
cement, in: Nelson, E.B., Guillot, D. (Eds.), Well Cementing. Schlumberger,
Sugar Land, TX 77478, USA, p. 773.

Nešić, S., 2007. Key issues related to modelling of internal corrosion of oil and
gas pipelines–A review. Corros. Sci. 49, 4308–4338.

Neuzil, C.E., Cooley, C., Silliman, S.E., Bredehoeft, J.D., Hsieh, P.A., 1981. A
transient laboratory method for determining the hydraulic properties of
“tight”rocks—II. Application, in: International Journal of Rock Mechanics
298

References
and Mining Sciences & Geomechanics Abstracts. Elsevier, pp. 253–258.

Newell, D.L., Carey, J.W., 2012. Experimental evaluation of wellbore integrity
along the cement-rock boundary. Environ. Sci. Technol. 47, 276–282.

Nicot, J.-P., 2008. A survey of oil and gas wells in the Texas Gulf Coast, USA, and
implications for geological sequestration of CO2. Environ. Geol. 57, 1625–
1638. doi:10.1007/s00254-008-1444-4
Nogues, J.P., Court, B., Dobossy, M., Nordbotten, J.M., Celia, M.A., 2012. A
methodology to estimate maximum probable leakage along old wells in a
geological sequestration operation. Int. J. Greenh. Gas Control 7, 39–47.

Nogues, J.P., Fitts, J.P., Celia, M.A., Peters, C.A., 2013. Permeability evolution due
to dissolution and precipitation of carbonates using reactive transport
modeling in pore networks. Water Resour. Res. 49, 6006–6021.
doi:10.1002/wrcr.20486

Nordsveen, M., Nešić, S., Nyborg, R., Stangeland, A., 2003. A mechanistic model
for carbon dioxide corrosion of mild steel in the presence of protective
iron carbonate films - Part 1: Theory and verification. Corrosion 59, 443–
456.

Ogino, T., Suzuki, T., Sawada, K., 1987. The formation and transformation
mechanism of calcium carbonate in water. Geochim. Cosmochim. Acta 51,
2757–2767.
Orlic, B., 2009. Some geomechanical aspects of geological CO2 sequestration.
KSCE J. Civ. Eng. 13, 225–232. doi:10.1007/s12205-009-0225-2

Ostapenko, G.T., 1976. Excess pressure on the solid phases generated by
hydration (according to experimental data on the hydration of periclase).
Traslated from Geokhimikiya 6, 824–844.

Oyibo, A., Radonjic, M., 2014. Impact of Physical and Chemical Mud
Contamination on Cement-Formation Shear Bond Strength, in: ASME
2014 33rd International Conference on Ocean, Offshore and Arctic
Engineering. American Society of Mechanical Engineers, pp.
V005T11A023–V005T11A023.

Ozyurtkan, M.H., Radonjic, M., 2014. An experimental study of the effect of CO 2
rich brine on artificially fractured well-cement. Cem. Concr. Compos. 45,
201–208.

299

References
Papaevangelou, G., Evangelides, C., Tzimopoulos, C., 2010. A new explicit
relation for the friction coefficient in the darcy-weisbach equation, in:
Proceedings of the Tenth Conference on Protection and Restoration of the
Environment. pp. 6–9.

Pariseau, W.G., 2011. Design analysis in rock mechanics. CRC Press.

Paterson, M.S., 1973. Nonhydrostatic thermodynamics and its geologic
applications. Rev. Geophys. 11, 355–389.

Paterson, M.S., 1995. A theory for granular flow accommodated by material
transfer via an intergranular fluid. Tectonophysics 245, 135–151.

Peach, C.J., 1991. Influence of deformation on the fluid transport properties of
salt rocks. Utrecht University.

Peach, C.J., Spiers, C.J., 1996. Influence of crystal plastic deformation on
dilatancy and permeability development in synthetic salt rock.
Tectonophysics 256, 101–128. doi:10.1016/0040-1951(95)00170-0

Piot, B., Cuvillier, G., 2006. Primary cementing techniques, in: Nelson, E.B.,
Guillot, D. (Eds.), Well Cementing. Schlumberger, Sugar Land, TX 77478,
USA, p. 773.

Plummer, L.N., Wigley, T.M.L., Parkhurst, D.L., 1978. The kinetics of calcite
dissolution in CO 2-water systems at 5 degrees to 60 degrees C and 0.0 to
1.0 atm CO 2. Am. J. Sci. 278, 179–216.

Plumper, O., Royne, A., Magraso, A., Jamtveit, B., 2012. The interface-scale
mechanism of reaction-induced fracturing during serpentinization.
Geology 40, 1103–1106. doi:10.1130/G33390.1

Pluymakers, A.M.H., Peach, C.J., Spiers, C.J., 2014. Diagenetic compaction
experiments on simulated anhydrite fault gouge under static conditions. J.
Geophys. Res. Solid Earth 119, 4123–4148.

Poiseuille, J.L., 1844. Recherches expérimentales sur le mouvement des liquides
dans les tubes de très-petits diamètres. Imprimerie Royale.

Pokrovsky, O.S., Golubev, S. V, Schott, J., 2005. Dissolution kinetics of calcite,
dolomite and magnesite at 25 C and 0 to 50 atm pCO 2. Chem. Geol. 217,
239–255.

Pokrovsky, O.S., Golubev, S. V, Schott, J., Castillo, A., 2009. Calcite, dolomite and
300

References
magnesite dissolution kinetics in aqueous solutions at acid to
circumneutral pH, 25 to 150 C and 1 to 55 atm pCO 2: new constraints on
CO 2 sequestration in sedimentary basins. Chem. Geol. 265, 20–32.

Procesi, M., Cantucci, B., Buttinelli, M., Armezzani, G., Quattrocchi, F., Boschi, E.,
2013. Strategic use of the underground in an energy mix plan: Synergies
among CO2, CH4 geological storage and geothermal energy. Latium
Region case study (Central Italy). Appl. Energy 110, 104–131.
doi:10.1016/j.apenergy.2013.03.071

Putnis, A., Janssen, A., Jamtveit, B., Putnis, C.V., 2009. Reaction-induced
fracturing during replacement reactions. Geochim. Cosmochim. Acta
Suppl. 73.

Ramachandran, V.S., Sereda, P.J., Feldman, R.F., 1964. Mechanism of hydration
of calcium oxide. Nature 201, 288–289.
Raoof, A., Hassanizadeh, S.M., Leijnse, A., 2010. Upscaling transport of adsorbing
solutes in porous media: pore-network modeling. Vadose Zo. J. 9, 624–
636.

Raoof, A., Nick, H.M., Hassanizadeh, S.M., Spiers, C.J., 2013. PoreFlow: A complex
pore-network model for simulation of reactive transport in variably
saturated
porous
media.
Comput.
Geosci.
61,
160–174.
doi:10.1016/j.cageo.2013.08.005
Raoof, A., Nick, H.M., Wolterbeek, T.K.T., Spiers, C.J., 2012. Pore-scale modeling
of reactive transport in wellbore cement under CO2 storage conditions.
Int. J. Greenh. Gas Control 11, S67–S77. doi:10.1016/j.ijggc.2012.09.012

Ravi, K., Bosma, M., Gastebled, O., 2002. Safe and Economic Gas Wells through
Cement Design for Life of the Well. SPE 75700.

Rief, C., Kromp, K., 1988. Fracture toughness testing. Int. J. High Technol. Ceram.
4, 301–317.
Rimmelé, G., Barlet-Gouédard, V., Porcherie, O., Goffé, B., Brunet, F., 2008.
Heterogeneous porosity distribution in Portland cement exposed to CO2rich
fluids.
Cem.
Concr.
Res.
38,
1038–1048.
doi:10.1016/j.cemconres.2008.03.022

Roscoe, K.H., Schofield, A.N., Wroth, C.P., 1958. On The Yielding of Soils.
Géotechnique 8, 22–53.

301

References
Rothstein, D., Thomas, J.J., Christensen, B.J., Jennings, H.M., 2002. Solubility
behavior of Ca-, S-, Al-, and Si-bearing solid phases in Portland cement
pore solutions as a function of hydration time. Cem. Concr. Res. 32, 1663–
1671. doi:10.1016/S0008-8846(02)00855-4

Røyne, A., Dysthe, D.K., 2012. Rim formation on crystal faces growing in
confinement.
J.
Cryst.
Growth
346,
89–100.
doi:10.1016/j.jcrysgro.2012.03.019

Rudge, J.F., Kelemen, P.B., Spiegelman, M., 2010. A simple model of reactioninduced cracking applied to serpentinization and carbonation of
peridotite.
Earth
Planet.
Sci.
Lett.
291,
215–227.
doi:10.1016/j.epsl.2010.01.016

Rutqvist, J., 2012. The geomechanics of CO2 storage in deep sedimentary
formations. Geotech. Geol. Eng. 30, 525–551.

Rutter, E.H., Glover, C.T., 2012. The deformation of porous sandstones; are
Byerlee friction and the critical state line equivalent? J. Struct. Geol. 44,
129–140.

Saint-Marc, J., Garnier, A., Bois, A.-P., 2008. Initial State of Stress: The Key to
Achieving Long-Term Cement-Sheath Integrity. doi:10.2118/116651-MS

Scherer, G.W., 1999. Crystallization in pores. Cem. Concr. Res. 29, 1347–1358.
doi:10.1016/S0008-8846(99)00002-2

Scherer, G.W., 2004. Stress from crystallization of salt. Cem. Concr. Res. 34,
1613–1624. doi:10.1016/j.cemconres.2003.12.034

Scherer, G.W., Kutchko, B.G., Thaulow, N., Duguid, A., Mook, B., 2011.
Characterization of cement from a well at Teapot Dome Oil Field:
Implications for geological sequestration. Int. J. Greenh. Gas Control 5,
115–124. doi:10.1016/j.ijggc.2010.06.010

Schmidt, R.A., 1976. Fracture-toughness testing of limestone. Exp. Mech. 16,
161–167.
Schutjens, P.M.T.M., 1991. Experimental compaction of quartz sand at low
effective stress and temperature conditions. J. Geol. Soc. London. 148,
527–539.

Seiersten, M., Kongshaug, K.O., 2005. Materials selection for capture,
302

References
compression, transport and injection of CO2. Carbon Dioxide Capture
Storage Deep Geol. Form. 2, 937.

Shahidzadeh-Bonn, N., Rafaï, S., Bonn, D., Wegdam, G., 2008. Salt crystallization
during evaporation: impact of interfacial properties. Langmuir 24, 8599–
605. doi:10.1021/la8005629

Smith, D.M., Scherer, G.W., Anderson, J.M., 1995. Shrinkage during drying of
silica gel. J. Non. Cryst. Solids 188, 191–206.
Smith, I., Olstad, E., Segura, R., 2011. Heightened regulations create demand for
well abandonment services. Offshore(Tulsa) 71.

Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K.B., Tignor, M.,
Miller, H.L., 2007. IPCC, 2007: climate change 2007: the physical science
basis. Contrib. Work. Gr. I to fourth Assess. Rep. Intergov. Panel Clim.
Chang.

Steefel, C.I., MacQuarrie, K.T.B., 1996. Approaches to modeling of reactive
transport in porous media. Rev. Mineral. Geochemistry 34, 85–129.
Stefanou, I., Sulem, J., 2014. Chemically induced compaction bands: Triggering
conditions and band thickness. J. Geophys. Res. Solid Earth 119, 880–899.

Steiger, M., 2005a. Crystal growth in porous materials—I: The crystallization
pressure of large crystals. J. Cryst. Growth 282, 455–469.
doi:10.1016/j.jcrysgro.2005.05.007
Steiger, M., 2005b. Crystal growth in porous materials—II: Influence of crystal
size on the crystallization pressure. J. Cryst. Growth 282, 470–481.
doi:10.1016/j.jcrysgro.2005.05.008
Sun, P., Grace, J.R., Lim, C.J., Anthony, E.J., 2007. The effect of CaO sintering on
cyclic CO2 capture in energy systems. AIChE J. 53, 2432–2442.
Sun, Z., Chi, H., Fan, L.-S., 2012. Physical and chemical mechanism for increased
surface area and pore volume of CaO in water hydration. Ind. Eng. Chem.
Res. 51, 10793–10799.

Sutera, S.P., Skalak, R., 1993. The history of Poiseuille’s law. Annu. Rev. Fluid
Mech. 25, 1–20.

Swamy, R.N., 1971. Dynamic Poisson’s ratio of portland cement paste, mortar
and concrete. Cem. Concr. Res. 1, 559–583.

303

References
Szulczewski, M.L., MacMinn, C.W., Herzog, H.J., Juanes, R., 2012. Lifetime of
carbon capture and storage as a climate-change mitigation technology.
Proc. Natl. Acad. Sci. 109, 5185–5189.

Taber, S., 1916. The growth of crystals under external pressure. Am. J. Sci. 532–
556.

Taber, S., 1930. The mechanics of frost heaving. J. Geol. 303–317.

Tadros, M.E., Skalny, J., Kalyoncu, R.S., 1976. Kinetics of calcium hydroxide
crystal growth from solution. J. Colloid Interface Sci. 55, 20–24.

Takla, I., Burlion, N., Shao, J.-F., Saint-Marc, J., Garnier, A., 2010. Effects of the
storage of CO 2 on multiaxial mechanical and hydraulic behaviors of oilwell cement. J. Mater. Civ. Eng. 23, 741–746.

Taylor, H.F.., Famy, C., Scrivener, K.., 2001. Delayed ettringite formation. Cem.
Concr. Res. 31, 683–693. doi:10.1016/S0008-8846(01)00466-5
Taylor, H.F.W., 1992. Cement chemistry. Academic Press Limited, London, UK.

Taylor, J.R., 1997. Introduction to error analysis, the study of uncertainties in
physical measurements.

ter Heege, J.H., Orlic, B., Hoedeman, G.C., 2015. Characteristics of mechanical
wellbore failure and damage: Insights of discrete element modelling and
application to CO2 storage. ARMA 15-174.
Terzaghi, K., 1943. Theoretical soil mechanics. J. Wiley, New York.

Thiercelin, M., Dargaud, B., Baret, J.F., Rodriquez, W.J., 1997. Cement design
based on cement mechanical response. SPE Annu. Tech. … 266–273.

Timoshenko, S.P., Goodier, J.N., 1951. Theory of elasticity, 2nd ed, Engineerings
Societies Monographs. McGraw Hill, New York.
Trinh, K.T., 2010. On the Blasius correlation for friction factors. arXiv Prepr.
arXiv1007.2466.

Tsui, N., Flatt, R.J., Scherer, G.W., 2003. Crystallization damage by sodium
sulfate. J. Cult. Herit. 4, 109–115. doi:10.1016/S1296-2074(03)00022-0

Vajdova, V., Baud, P., Wong, T., 2004. Compaction, dilatancy, and failure in
porous carbonate rocks. J. Geophys. Res. Solid Earth 109.
304

References
van Bergen, F., Pagnier, H., Krzystolik, P., 2006. Field experiment of enhanced
coalbed methane-CO2 in the upper Silesian basin of Poland. Environ.
Geosci. 13, 201–224.

van Noort, R., Spiers, C., Kandianis, M., Drury, M.R., Ten Grotenhuis, S.M., 2010.
Coupled geomechanical-geochemical aspects of CO2-sequestration in
peridotites, in: AGU Fall Meeting Abstracts. p. 7.

van Noort, R., Spiers, C.J., Peach, C.J., 2007. Effects of orientation on the diffusive
properties of fluid-filled grain boundaries during pressure solution. Phys.
Chem. Miner. 34, 95–112.

van Noort, R., Spiers, C.J., Pennock, G.M., 2008a. Compaction of granular quartz
under hydrothermal conditions: Controlling mechanisms and grain
boundary processes. J. Geophys. Res. Solid Earth 113.

van Noort, R., Visser, H.J.M., Spiers, C.J., 2008b. Influence of grain boundary
structure on dissolution controlled pressure solution and retarding
effects of grain boundary healing. J. Geophys. Res. Solid Earth 113.
Verberne, B.A., He, C., Spiers, C.J., 2010. Frictional properties of sedimentary
rocks and natural fault gouge from the Longmen Shan fault zone, Sichuan,
China. Bull. Seismol. Soc. Am. 100, 2767–2790.

Villain, G., Thiery, M., Platret, G., 2007. Measurement methods of carbonation
profiles in concrete: thermogravimetry, chemical analysis and
gammadensimetry. Cem. Concr. Res. 37, 1182–1192.

Visser, H.J.M., Spiers, C.J., Hangx, S.J.T., 2012. Effects of interfacial energy on
compaction creep by intergranular pressure solution: Theory versus
experiments on a rock analog (NaNO3). J. Geophys. Res. Solid Earth 117.
Viswanathan, H.S., Pawar, R.J., Stauffer, P.H., Kaszuba, J.P., Carey, J.W., Olsen, S.C.,
Keating, G.N., Kavetski, D., Guthrie, G.D., 2008. Development of a hybrid
process and system model for the assessment of wellbore leakage at a
geologic CO2 sequestration site. Environ. Sci. Technol. 42, 7280–7286.
Voorhees, H.R., Sliepcevich, C.M., Freeman, J.W., 1956. Thick-Walled Pressure
Vessels. Ind. Eng. Chem. 48, 872–881. doi:10.1021/ie50557a026

Vu, M.-H., Sulem, J., Ghabezloo, S., Laudet, J.-B., Garnier, A., Guédon, S., 2012.
Time-dependent behaviour of hardened cement paste under isotropic
loading. Cem. Concr. Res. 42, 789–797.
305

References
Walsh, S.D.C., Mason, H.E., Du Frane, W.L., Carroll, S.A., 2014a. Mechanical and
hydraulic coupling in cement–caprock interfaces exposed to carbonated
brine.
Int.
J.
Greenh.
Gas
Control
25,
109–120.
doi:10.1016/j.ijggc.2014.04.001

Walsh, S.D.C., Mason, H.E., Du Frane, W.L., Carroll, S.A., 2014b. Experimental
calibration of a numerical model describing the alteration of
cement/caprock interfaces by carbonated brine. Int. J. Greenh. Gas Control
22, 176–188. doi:10.1016/j.ijggc.2014.01.004
Wang, J.U.N., Keener, T.I.M.C., Li, G., Khang, S.-J., 1998. The dissolution rate of
Ca(OH)2 in aqueous solutions. Chem. Eng. Commun. 169, 167–184.
Warne, P., 2004. Decommissioning - North Sea. Oil, Gas Energy Law J. 2.

Wasch, L.J., Koenen, M., Wollenweber, J., Tambach, T.J., 2015. Sensitivity of
chemical cement alteration–modeling the effect of parameter uncertainty
and varying subsurface conditions. Greenh. Gases Sci. Technol. 5, 323–
338.
Wasch, L.J., Wollenweber, J., Tambach, T.J., 2013. Intentional salt clogging: a
novel concept for long-term CO2 sealing. Greenh. Gases Sci. Technol. 3,
491–502. doi:10.1002/ghg.1373
Weyl, P.K., 1959. Pressure solution and the force of crystallization: a
phenomenological theory. J. Geophys. Res. 64, 2001–2025.

White, A.F., Peterson, M.L., 1990. Role of reactive-surface-area characterization
in geochemical kinetic models, in: ACS Symposium Series. Oxford
University Press, pp. 461–475.

Whittaker, S., Rostron, B., Hawkes, C., Gardner, C., White, D., Johnson, J.,
Chalaturnyk, R., Seeburger, D., 2011. A decade of CO2 injection into
depleting oil fields: Monitoring and research activities of the IEA GHG
Weyburn-Midale CO2 Monitoring and Storage Project. Energy Procedia 4,
6069–6076. doi:10.1016/j.egypro.2011.02.612
Wigand, M., Kaszuba, J.P., Carey, J.W., Hollis, W.K., 2009. Geochemical effects of
CO2 sequestration on fractured wellbore cement at the cement/caprock
interface. Chem. Geol. 265, 122–133. doi:10.1016/j.chemgeo.2009.04.008
Wolter, A., Luger, S., Schaefer, G., 2004. Zur Kinetik der Hydratation von
Branntkalk. ZKG Int. 57, 60–68.

306

References
Wolterbeek, T.K.T., Hangx, S.J.T., Spiers, C.J., 2016a. Effect of CO2-induced
reactions on the mechanical behaviour of fractured wellbore cement.
Geomech. Energy Environ. 7, 26–46. doi:10.1016/j.gete.2016.02.002

Wolterbeek, T.K.T., Peach, C.J., Raoof, A., Spiers, C.J., 2016b. Reactive transport
of CO2-rich fluids in simulated wellbore interfaces: Flow-through
experiments on the 1-6 m length scale. Int. J. Greenh. Gas Control 54, 96–
116. doi:10.1016/j.ijggc.2016.08.034
Wolterbeek, T.K.T., Peach, C.J., Spiers, C.J., 2013. Reaction and transport in
wellbore interfaces under CO2 storage conditions: Experiments
simulating debonded cement–casing interfaces. Int. J. Greenh. Gas Control
19, 519–529. doi:10.1016/j.ijggc.2013.10.017
Wong, T., Baud, P., 2012. The brittle-ductile transition in porous rock: A review.
J. Struct. Geol. 44, 25–53. doi:10.1016/j.jsg.2012.07.010

Wong, T., David, C., Zhu, W., 1997. The transition from brittle faulting to
cataclastic flow in porous sandstones: Mechanical deformation. J.
Geophys. Res. … 102, 3009–3025.

Wu, S.L., Cui, Z.D., He, F., Bai, Z.Q., Zhu, S.L., Yang, X.J., 2004. Characterization of
the surface film formed from carbon dioxide corrosion on N80 steel.
Mater. Lett. 58, 1076–1081. doi:10.1016/j.matlet.2003.08.020

Xie, S.Y., Shao, J.F., Burlion, N., 2008. Experimental study of mechanical
behaviour of cement paste under compressive stress and chemical
degradation.
Cem.
Concr.
Res.
38,
1416–1423.
doi:10.1016/j.cemconres.2008.06.011
Xu, T., Apps, J.A., Pruess, K., 2004. Numerical simulation of CO2 disposal by
mineral trapping in deep aquifers. Appl. Geochemistry 19, 917–936.
doi:10.1016/j.apgeochem.2003.11.003
Xu, T., Samper, J., Ayora, C., Manzano, M., Custodio, E., 1999. Modeling of nonisothermal multi-component reactive transport in field scale porous
media flow systems. J. Hydrol. 214, 144–164.

Yalcinkaya, T., Radonjic, M., Willson, C.S., Bachu, S., 2011. Experimental study on
a single cement-fracture using CO2 rich brine. Energy Procedia 4, 5335–
5342. doi:10.1016/j.egypro.2011.02.515

Yasuhara, H., Elsworth, D., Polak, A., 2003. A mechanistic model for compaction
307

References
of granular aggregates moderated by pressure solution. J. Geophys. Res.
Solid Earth 108.

Yurtdas, I., Peng, H., Burlion, N., Skoczylas, F., 2006. Influences of water by
cement ratio on mechanical properties of mortars submitted to drying.
Cem. Concr. Res. 36, 1286–1293. doi:10.1016/j.cemconres.2005.12.015

Yurtdas, I., Xie, S.Y., Burlion, N., Shao, J.F., Saint-Marc, J., Garnier, A., 2011.
Influence of chemical degradation on mechanical behavior of a petroleum
cement
paste.
Cem.
Concr.
Res.
41,
412–421.
doi:10.1016/j.cemconres.2011.01.008

Zerai, B., Saylor, B.Z., Matisoff, G., 2006. Computer simulation of CO2 trapped
through mineral precipitation in the Rose Run Sandstone, Ohio. Appl.
Geochemistry 21, 223–240. doi:10.1016/j.apgeochem.2005.11.002
Zhang, M., Bachu, S., 2011. Review of integrity of existing wells in relation to
CO2 geological storage: What do we know? Int. J. Greenh. Gas Control 5,
826–840. doi:10.1016/j.ijggc.2010.11.006

Zhang, X., Zevenbergen, J., Benedictus, T., 2013. Corrosion Studies on Casing
Steel in CO2 Storage Environments. Energy Procedia 37, 5816–5822.
doi:10.1016/j.egypro.2013.06.504

Zhu, W., Baud, P., Vinciguerra, S., Wong, T., 2011. Micromechanics of brittle
faulting and cataclastic flow in Alban Hills tuff. J. Geophys. Res. Solid Earth
116.
Zhu, W., Baud, P., Wong, T., 2010. Micromechanics of cataclastic pore collapse in
limestone. J. Geophys. Res. Solid Earth 115.

Zwanzig, R., Harrison, A.K., 1985. Modifications of the Stokes–Einstein formula.
J. Chem. Phys. 83.

308

Acknowledgements

Acknowledgements
Well, here we are. Finally! Arrived at the acknowledgements. This is one of the
last bits of text that I have to write before my Ph.D. project can be drawn to a
close. Ironically, at the same time this is, at least for some of you, undoubtedly
also the first and perhaps even the only bit of text from my Ph.D. thesis that you
will actually read. So this part should better be good, I guess. No pressure.
Who am I kidding. Tremendous pressure.

This simple “bit of text” needs to convey my feelings of gratitude and affection
towards some people quite dear to me. People who I warmly call my colleagues,
friends and family. Let me start by simply saying that, in my view, many of
those mentioned below would be more than excused, should they have skipped
ahead to read this page in the travelogue that is my Ph.D. thesis, for they have
been there already, always stuck by my side, during the journey that was
writing it. To those who should have been mentioned below, but are not for
some reason: I am deeply sorry for the omission, even if (or should I write, even
more so if) you skipped ahead to this page to find your name here.

I am indebted to a great many individuals for their various contributions to my
Ph.D. research, in one form or another, big or small, direct or indirect. To none
more so, however, than to my promotor, Chris Spiers. Chris, thank you for so
many things. For giving me the chance to do research, and for also teaching me
how to do this properly. For inspiring me and provoking thought. We haven’t
had a single discussion where I did not learn from you, whether we spoke about
my experimental results, scientific rigour, thermodynamics, proper English, or
life in general. Thank you for being patient and incredibly supportive. Daunted
by what appeared to be far-reaching experimental problems, end 2014, it was
your optimism and can-do attitude that pulled me through. Thank you also for
being critical and thorough. Receiving your feedback wasn’t always pleasant
(“drenched in red ink” would certainly apply, hadn’t you used pencil instead),
but I cannot deny that my manuscripts always improved vastly from your
suggestions. If any mistakes, inaccuracies or errors remain (which I deem
likely, if not certain), they will no doubt be traced to where I disagreed with
you. Chris, you have been a great promotor and mentor. Thank you for that.
309

Acknowledgements
My first co-promotor, Colin Peach, played a substantial role in helping design
the laboratory experiments that now form the backbone of this Ph.D. thesis, and
provided ample support with performing experiments at elevated pressure and
temperature. Colin, thank you for your reliable guidance and your enthusiastic
sharing of a vast knowledge, both inside and outside of the lab. You have taught
me much over the years, ranging from ‘the many things one needs to consider
when performing permeametry tests’ to ‘where to stop for wine and food when
on route to Spain’ (in Chez la Rose, Juliénas, for those who are wondering). I also
really enjoyed our time in Camarasa, where you showed me the importance of
keen observation and avoiding over-interpretation.

I am also truly indebted to my second co-promotor, Amir Raoof, who has been
pivotal to the modelling work presented in Chapter V. Amir, I vividly remember
when I first came to you with the idea of using your Multi-Directional Pore
Network for what we would later start to jokingly call “bore-scale modelling”.
Despite it being a bit of an indecent proposal (I basically asked you to take your
advanced, multi-directional model to build me a single string of pore elements),
you miraculously enough liked the idea and moreover thought it’d be quite easy
to implement. Sometimes I wonder whether you’d have agreed to it all, had you
then known how much work it would turn out to be. Amir, you went above and
beyond in helping me and my dreadful “wish lists”. Thank you!
Further thanks go to Suzanne Hangx, who co-authored the journal publication
that now forms the basis for Chapter II. Suzanne, toen je aan boord kwam zat ik
enigszins in een impasse. Bedankt dat je een motivatiecoach, wetenschappelijk
sparringpartner èn stok achter de deur wilde zijn. Zonder jou was het artikel
over de tri-axiale compressietests nu waarschijnlijk nog niet af geweest.

Grateful, I am, also to Reinier van Noort, co-author of the manuscript forming
the basis for Chapter VI, coiner of the phrase “may the FoC be with you”, and he
who taught me how to operate an Instron loading frame. Reinier, bedankt voor
je humor en bereidheid tot helpen in mijn beginjaren op het lab, alsook voor je
scherpe analyses en commentaar, jaren later vanuit het koude Noorwegen.
Here I also like to acknowledge Reinoud Vissers, Hans de Bresser, and Mariska
Schimmel, for providing detailed feedback on drafts of my Dutch Summary.
310

Acknowledgements
It would have been downright impossible to perform the experiments reported
in this Ph.D. thesis without the invaluable technical support that I received from
Thony van der Gon Netscher, Eimert de Graaff, Gert Kastelein, Peter van
Krieken, and Floris van Oort. Thony, wat ik ook had gedaan of gesloopt, bij jou
kon ik terecht voor een oplossing. En dat telefoontje over een fotoshoot zal ik
ook niet snel vergeten. Eimert, deze wijsneus heeft enorm veel van je geleerd
(niet alleen over electronica) en genoten van het dagje modelvliegtuig-vliegen.
Gert, wat jij zoal kunt creëren in de werkplaats, meesterlijk gewoon! Veel van je
werk is dan wel door mij met CO2 gereageerd en aan stukken gezaagd, maar het
is zeker niet vergeten. Peter, als algemene vraagbaak heb je me meer dan eens
uit de brand geholpen. Ook heb je inmiddels zoveel chemische analyses voor
me gedaan, dat ik de tel ben kwijtgeraakt. Floris, toen jij het lab kwam
versterken was ik al grotendeels klaar met mijn experimenten, maar de keren
dat ik hulp nodig had kon ik op je rekenen. Nieuwe promovendi mogen hun
handen dichtknijpen met zulke ondersteuning. I also thank Otto Stiekema and
Leonard Bik, for producing the polished sections needed for microstructural
study. Otto, Leonard, bedankt voor jullie vakmanschap en gastvrijheid in de
slijpkamer. Tilly Bouten has been a great help obtaining μ-XRF measurements.
Tilly, bedankt voor je kordate hulp en immer geduldige uitleg.

Over the years, I have received terrific support from our group secretary,
Magda Mathot-Martens, who not only took great care of just about everything
administration-related, but also provided moral support and ample chocolate at
times when I needed it most. Magda, reuze bedankt voor alle goede zorgen,
voor het regelen van wel duizend-en-een dingen, en voor je engelengeduld met
die paar dingen die ik toch écht zelf moest doen (urendeclaratieformulieren!)
Alsof je nog niet genoeg gedaan had, heb ik je gevraagd om op 18 november als
paranimf mijn rug te dekken. Ik voel me zeer vereerd dat je ja zei.

Life at the HPT lab would not have been the same (certainly much less fun)
without all the amazing colleagues, visitors and students that have livened up
the place over the years: Zahra Amirzada, Elisenda Bakker (die vanachter een
gedeelde tussenmuur enthousiast met haar muziek meezingt), Hans de Bresser,
Loes Buijze (“kiss-the-piston”), Jianye Chen (the “Big Leader” when it comes to
lunch destinations), Nino Cilona, Sabrina Diebold, Esther van Diggelen, Martyn
Drury, Martijn van den Ende (one of the infamous “head hunters”), Peter
Fokker, Inge van Gelder, Piercarlo Giacomel, Claudia Giese (don’t touch her
311

Acknowledgements
sushi), Maartje Hamers, Suzanne Hangx, Majid Hassanizadeh, Chris Heerema
(the most persistent leak-hunter I know), Ken-ichi Hirauchi, Sander Hol, John
Kaszuba, Maartje Houben, Luuk Hunfeld, Sander de Jong, Amin Karamnejad,
Helen King, Evangelos Korkolis (yes, I have considered acoustic emissions),
Jinfeng “Ross” Liu, George Marketos, Paul Mason, Nawaz Muhammad, André
Niemeijer, Reinier van Noort, Ayumi Okamoto, Ronald Peijnenburg, Gill
Pennock, Oliver Plümper, Anne Pluymakers, Jon Samuelson (who taught me
how to use the triaxial compaction apparatus), Mariska Schimmel, Ruud
Schotting, Michiyo Sewai, Bart Verberne, Reinoud Vissers, Matthijs de Winter,
Mariëtte Wolthers, Miao Zhang and Wen Zhou. Each of you has invaluably
contributed to this Ph.D. thesis. Sometimes directly, via good suggestions and
feedback during our many meetings. More often indirectly, by creating a very
pleasant research environment and a warm, inclusive community. Thank you
for providing distractions, stimulating discussions or a listening ear, whenever I
needed one. Unfortunately, I cannot write how much I appreciate each of you
individually, for this would then surely become a two-volume thesis.

Having said that, I nevertheless want to specifically thank Sabine den Hartog,
Anne Pluymakers and Bart Verberne. Each of you has honoured me incredibly
by asking me to be a paranymph during your Ph.D. defences. Sabine, we hebben
enorme lol gehad samen, vooral in Camarasa, maar ook veel aan elkaar gehad in
zwaardere tijden. Bedankt hiervoor. Hopelijk herinnert mijn paranimfsblunder
bij jou toentertijd me er nu aan om mijn eigen Ph.D. bul niet te vergeten, daar
zelfs ‘n geoloog zich niet graag tweemaal aan dezelfde steen stoot. Anne, ik heb
met ontzettend veel plezier jarenlang een kantoor met je gedeeld. Bedankt dat
ik altijd bij je terecht kon om te sparren, voor een goed WOGje, of om samen
verwondering en frustratie te uiten onder het genot van een colaatje. Bart, het
zal je niet verbazen dat ik nu begin over wat een geweldige koffie-drinkpartner
je bent. Tijdens dat koffiedrinken zeg je nog best vaak nuttige dingen. Bedankt
voor je nuchtere en relativerende kijk op de gang van zaken in het lab.

Thanks to Bogdan Orlic, Laura Wasch and Mariëlle Koenen from TNO, Chris
Gittins from TAQA Energy BW, Bill Carey from Los Alamos National Laboratory,
Linda Luquot from the Spanish Research Council, Karl-Heinz Wolf from TU
Delft, and many colleagues from within CATO-2, for their interest in my work,
stimulating discussions on CCS in general and on cement and wellbore integrity
in particular, as well as for providing a number of relevant SPE papers.
312

Acknowledgements
I would also like to thank my many new colleagues at Wells R&D (Shell Global
Solutions International BV), and in particular Jip van Eijden, for giving me the
opportunity to continue my wellbore integrity research in such a stimulating
and pleasant research environment.

While I was not always very aware of it, life outside the lab went on as usual.
My friends “out there” certainly deserve acknowledgement and praise for their
general support and understanding, their genuine interest in my research, and
their patience with my sometimes almost glacially slow communication. These
good friends include my year mates from university: Walter, Roel, Pablo, Niels,
Sophie, Paula, Linda, Ankie, Resi, Floortje, Maarten and Denise. Hoewel de jaren
dat we elkaar dagelijks in de collegebanken troffen ruimschoots achter ons
liggen, zijn de vriendschappen gebleven. Gezien het promoveren niet altijd goed
is geweest voor mijn toch al belabberde tele-communicatievaardigheden, is dit
zeker meer jullie dan mijn verdienste geweest in de afgelopen jaren. Bedankt
voor alle gezellige samenkomens, in het bijzonder onze trip naar Wenen, in
2012, om daar Maarten en Resi te bezoeken. Verder mogen de danslessen met
Sophie, Denise en Jasper niet onbenoemd blijven. Op de dansvloer vond ik niet
alleen afleiding van de sores op het lab, maar kreeg ik ook nog wat broodnodige
lichaamsbeweging. Lunch met Denise en Walter, die ook voor hun promotieonderzoek in Utrecht bleven, hebben mij ervan overtuigd dat gedeelde smart
inderdaad halve smart is. I wouldn’t want to forget my friends from high school,
Maarten, Michel, Thierry and Boudewijn: Heren, bedankt voor jullie trouwe
vriendschap! Many thanks to some old friends, new friends, and friends of the
family: Jimmy, Mike, Erik, Willem & Carla, Bri & Stef. And of course my “rock
hounding” friends, Sven & Kaya, Jim & Beth, Peter, Frederik, Anthonie and Stijn.

I also thank my inmates at the Cambridgelaan: Brigit, Iris, Carolien, Marjan and
Anna: Velen hebben me voor gek verklaard dat ik bleef plakken op het kamertje
waar ik als student al woonde. Hoewel ik niet zal ontkennen dat gemakzucht en
financiële overwegingen hierin hun rol hebben gespeeld, heeft de goede sfeer in
huis het niet moeilijk gemaakt om mijn exodus herhaaldelijk uit te stellen.
Bedankt voor de leuke keukentafelgesprekken en avonden waarop we gezellig
samen (of tegelijkertijd) wilden (en konden) eten!
Last, but certainly not least, I am very thankful to my family. Opa, oma, andere
oma (ik denk vaak aan je), ooms, tantes, neven en nichten: bedankt dat jullie de

313

Acknowledgements
afgelopen jaren op verjaardagen en andere familie-aangelegenheden het geduld
hebben gehad om naar het geratel over mijn onderzoek te luisteren, wanneer ik
er zelf weer eens over begon, of geïnteresseerd naar mijn vorderingen vroegen,
wanneer ik dat niet deed. Pap en mam, bedankt voor jullie grenzeloze steun en
vertrouwen. Bedankt dat jullie me hebben geleerd om vooral te doen ik leuk
vind, maar een uitdaging niet uit de weg te gaan. Pap, bedankt voor je advies en
raad op de momenten dat ik met mijn proefschrift in de knoop lag. Mam,
bedankt dat ik altijd bij jou terecht kan als ik echt diep in de spreekwoordelijke
boorput zit. Tessa, hoewel we soms ruziën, weet ik dat we er altijd voor elkaar
zullen zijn wanneer het echt nodig is. Ik ben dan ook heel blij met jou straks aan
mijn zijde als paranimf. Bedankt! Tijmen, ook jij bedankt voor je steun en veel
succes met je eigen promotieonderzoek.
Tenslotte, mijn lieve Ronnie: We hebben het niet makkelijk gehad de afgelopen
jaren. Ook nu ik dit schrijf zit je nog in Pittsburgh, PA-USA, een slordige 6300
km en zes tijdzones verderop. Ik hier op mijn avontuur, jij daar op het jouwe.
Het is nu wel mooi geweest zo. Ik mis je. Het is dan ook een ongelofelijk fijne
gedachte dat, wanneer ik straks de inhoud van dit proefschift mag verdedigen,
jij ook weer permanent in Nederland terug zal zijn.
Wat we hierna ook gaan doen, wat mij betreft doen we het samen.

314

Acknowledgements

“M’n opa is een oude man
hij begrijpt er geen flikker van
M’n vader, opa’s zoon,
bespot hem op heldere toon
Toch wordt opa heel niet dol
hij geniet ervan heel erg vol
Hij is trots op z’n kleinzoon
en zet hem hoog op de troon!”
gedicht door F. W. Wolterbeek,
mijn geweldige opa,
geschreven op 9 augustus 2014

315

Curriculum vitae
12 August 1987

Born in Utrecht, the Netherlands

1999–2005

Athenaeum
Titus Brandsmacollege, Dordrecht

2005–2008
2008–2010
2010–2016

316

B.Sc. Earth Sciences (cum laude)
Utrecht University, Utrecht
M.Sc. Geology (cum laude)
Utrecht University, Utrecht

Ph.D. Experimental Rock Deformation
Utrecht University, Utrecht

