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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 casing-
cement 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 
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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 15-
40%). 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 
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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 gap-
spacers, 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 reaction-
assisted 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 
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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 self-
seal. 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 length-
scales 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 diffusion-
dominated 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 self-
sealing 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. 
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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 casing-
cement 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 FoC-
induced 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 
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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 
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 vloeistof-
migratie 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 doorlatendheid-
verhogende 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 staal-
cement 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 CO2-
transport 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 calcium-
carbonaatmineralen, 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 corrosiekorst-
vorming (ijzercarbonaat precipitatie) zeer beperkt.  

De doorstromingsexperimenten laten zien dat advectie en reactief-transport-
verschijnselen 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 doorstromings-
experimenten 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 advectie-
gecontroleerd naar diffusie-gecontroleerd reactief transport kan plaatsvinden. 
Hierdoor worden zure condities, veroorzaakt door het binnenstromen van CO2-
rijke 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 opschalings-
relaties kunnen worden verkregen. 

Terwijl de voorgaande hoofdstukken zich richten op mogelijkheden voor zelf-
herstel (versterking en verdichting) van gebroken cement en ontkoppelings-
defecten 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 spannings-
opbouw in de hydrerende monsters leidt tot afdichting van vloeistof-
transportpaden. Door de toegang voor water af te sluiten wordt verdere 
hydratie sterk bemoeilijkt, hetgeen de maximale opbouw van kristallisatie-
kracht 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 beneden-
strooms, 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 (Barlet-
Gouédard 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, CO2-
induced 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 CO2-
induced 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 
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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 CO2-
induced 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 self-
limitation 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. 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. 

2. 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. 

3. 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. 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. 

5. 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 flow-
through 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. 
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Effect of CO2-induced reactions 
on the mechanical behaviour of 
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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 (permeability-
enhancing) 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 



Chapter II 
 

48 
 

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 ( cP ) ranging from 6 to 30 MPa, and a pore fluid pressure     

( fP ) of 5 MPa ( eff
cP = 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, shear-
fractured cement samples were subsequently exposed to CO2-saturated water 
under hydrostatic conditions (T  = 80 °C, fP  ≈ 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 well-
cementing materials (Nelson and Michaux, 2006) and is considered to be an 
effective sealing agent at well temperatures up to ~110°C (Nelson and Barlet-
Gouédard, 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-to-
cement 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 ( cP ). 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, K-
type 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 ( fP ) 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 ( pV∆ ) 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 ( cP  ≈ 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 ( ,c fP P ) 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 



Effect of CO2 on mechanical behaviour of fractured cement 
 

53 
 

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 ( fP ) of 5 MPa, and an initial confining pressure ( cP ) of 

6 MPa, which was subsequently ramped up at ~30 MPa h-1 to a final cP  of 59 

MPa. In the second hydrostatic test (A-HS2), cP  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 ( 1 3σ σ− ), axial engineering 

strain ( e ), true axial strain rate ( ε ), volumetric strain ( Ve ) and pore volume 

change ( pV∆ ) 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 ( % 0/p p pV V V∆ = ∆ ) was determined from the 

initial pore volume ( 0pV ), 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] 

σ1% 

[MPa] 

σ2% 

[MPa] 

Ea 

[GPa] 

Triaxial experiments on immature cement 
Y025a 2.5 20.1 33.2 9.0** 33.1 29.7 7.1 
Y025b 2.5 20.0 34.8 9.2 - 30.3 7.4 
Y050a 5 19.5 34.9 - 33.4 33.2 7.0 
Y050b 5 27.3 39.2 12.5 34.9 32.3 6.5 
Y075 7.5 21.4 38.4* 11.3** 38.3 39.0 7.1 
Y100 10 19.1 38.6 15.9** 37.3 35.4 7.7 
Y150 15 18.3 SH 19.3 35.0 39.7 5.9 
Y200 20 22.4 SH 23.8 39.4 44.7 5.2 
Y250 25 14.3 SH 29.1 35.0 41.2 6.1 

Hydrostatic compression experiments on mature cement 
A-HS1 (30 MPa h-1) 1–59 - - 33.2 - - - 
A-HS2 (3 MPa h-1) 1–46  - - ~6 - - - 

Triaxial experiments on mature cement 
A010 1 31.5 44.8 12.4 44.4 15.9 6.2 
A025a 2.5 28.6 53.8 13.0 50.7 39.3 8.3 
A025b 2.5 29.0 45.4 9.1 45.4 41.5 8.8 
A050a 5 28.9 53.2 12.4 52.2 48.4 8.0 
A050b 5 28.6 54.0 12.5 51.0 53.0 8.1 
A050c 5 31.1 55.9 10.0 50.9 54.4 8.0 
A100 10 25.0 60.3 15.3 47.9 58.4 8.9 
A150 15 25.9 SH 20.6 48.0 57.5 7.1 
A200 20 18.9 SH 24.0 40.8 48.1 7.4 
A250 25 18.8 SH 30.0 42.2 55.1 7.1 

Triaxial experiments on reacted cement (R-series, fracture reactivation experiments) 
R-A010 (6 w CO2)  1 - 21.5 - - - 4.9 
R-A050a (6 w CO2) 5 - 43.9 - - - 6.4 
R-A050c (6 w Ar) 5 - 38.4*** - - - 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 cP , fP , eff

cP 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 ( Ve ) are taken as positive. The principal 

compressive stresses are denoted as iσ  with 1 2 3 cPσ σ σ> = = in conventional 

triaxial experiments. We define the effective confining pressure as  eff
c c fP P P= −

(Terzaghi, 1943), and the effective mean stress as ( )1 2 3 /3 fP Pσ σ σ= −+ +

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

differential stress ( 1 3σ σ− ) 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 ( aE ) was determined from 

the initial quasi-linear portion of the differential stress versus axial strain 
curves, and the yield strength ( yσ ) 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 ( 1%σ  and 2%σ , 

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 eff

cP (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 eff

cP (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 ( Ve ) 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 eff

cP 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 near-
constant residual strength of 15 MPa was attained from approximately 2% axial 
strain. At higher but still low eff

cP (2.5 to 5 MPa), yielding occurred at about 
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0.5% axial strain and slightly lower stress ( yσ = 20 to 29 MPa), prior to 

attaining a peak-strength ( maxσ ) 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 ( eff
cP = 2.5 MPa) occurred at 

yσ = 20.1 MPa (0.4% axial strain) and at maxσ = 53.8 MPa (1.3% axial strain) 

with failure being followed by a marked stress-drop, similar to that exhibited 
by sample A010 ( eff

cP = 1 MPa). At higher eff
cP (10 to 25 MPa), yielding occurred 

at even lower stress ( yσ = 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 ( eff

cP = 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 eff

cP (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 eff
cP  

(1 MPa), sample dilatation produced a net volume increase. At higher eff
cP      

(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 peak-
strength, followed by minor strain-softening towards (near) strain-neutral 
behaviour. In experiment R-A010 (Figure 2.4b), maxσ 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 eff

cP (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 1σ . 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 eff
cP (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 shear-
fractures, 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 eff

cP = 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 post-
experimental), 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 orange-
brownish 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 ( yσ ) 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 yσ  (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 non-
hydrostatic loading data in a plot of effective mean stress ( P ) versus pore 
volume change ( %pV∆ ) (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 1A HSP∗

− , 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 shear-
enhanced 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     
( eff

cP = 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 ( eff
cP = 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 250AC∗  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 ( 2A HSP∗

− ) 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 



Chapter II 
 

70 
 

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 ( yσ , maxσ , 1%σ , 2%σ , 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 ( 1I ) and the deviatoric stress tensor ( 2J ), respectively, via the relations 

1
2   and   3

3 f
IP P Q J= − =       (2.1) 

where 

( ) ( ) ( )2 2 2
1 1 2 3 2 2 3 3 11 2

1   and   
6

I Jσ σ σ σ σ σ σσ σ = + + = + +− −−   (2.2) 

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, eff
cP P= and 

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

experiments, ( )1 /32 fcP PPσ= −+ and Q reduces to the differential stress            

( 1 cPσ − ), so that ( )3 eff
cQ P P= − . For uniaxial conditions, eff

cP = 0. Stress paths 

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

6sin 6 cos   and   
3 sin 3 sin

ca bϕ ϕ
ϕ ϕ

= =
− −

     (2.4) 

Further, it is easily shown that 

0
2 cos 3
1 sin 3

c bC
a

ϕ
ϕ

= =
− −

       (2.5) 

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

the angle of internal friction and 0C  is the unconfined compressive strength.  

Brittle failure of our immature and mature cement samples was in both cases 
characterized by a peak-strength ( maxσ ), 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 

0.58 26.3
1.14 27.4

immature

mature

Q P
Q P

= +

= +
       (2.6) 

In terms of the Mohr-Coulomb failure parameters, this yields 0C  = 32.6 MPa 

and ϕ  = 15.1° for immature cement. For mature cement, 0C  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 0Q C= , 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 ( 0T ), which for cements is typically about one tenth of 

the uniaxial compressive strength 0C  (Hsu and Slate, 1963; Taylor, 1992). 

Assuming a linear relationship between 0T  and 0C , given simply as 0 0 /10T C= , 

and using Equations 2.4 and 2.5, resulted in ( )0 /1127 2Q P C= + (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 shear-
enhanced 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 ( yσ ) 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 yσ 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 

( )
( )

( )2 2

2 2

/ / 1
1

P P Q Pγ
δγ

∗ ∗−
+ =

−
      (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 yσ 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 yσ ) 

suggest that both the immature and mature cement samples yielded by “shear-
enhanced 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 Drucker-
Prager 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 3( / )r R  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 1A HSP∗

− , 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):  

( ) ( ) ( )

2

2
22

3 7 5
20 7 13 7

4 27 1 17 13 7

Q
P

PP
PP

ν
ν ν

ν νν ν

∗

∗∗

−
=

− +
  × − −− +− +  
   

   (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 1A HSP∗

− of 33.2 MPa 

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

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 ( yσ , 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 maxσ , 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 ( eff

cP < 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 ( eff

cP > 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 gel-
porosity). 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 
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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 eff

cP > 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 ( yσ ) and failure ( maxσ ) 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 ( maxσ ), while the peak-strengths 

supported by our mature cement samples (>6 months curing) plot about 10-
20% 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 ( yσ ), though our 

data show significantly (~30%) lower yield strength at higher effective 
confining pressures ( eff

cP = 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, fP  ≈ 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 ( maxσ

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 well-
established that exposure of unfractured Portland-based cement to a CO2-
bearing 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 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). 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 solid-
solid 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 eff

cP = 5 MPa than at eff
cP = 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 eff

cP , 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 cement-
formation 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 maxσ 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; Saint-
Marc 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 



Chapter II 
 

84 
 

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 re-
pressurization 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 
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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 CO2-
storage environments may actually be less prone to fracture propagation and 
coalescence, than in CO2-free environments (cf. experiment R-A050c), if CO2-
induced 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 casing-
cement 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, eff

cP = 1-25 MPa). After 

deformation, selected fractured samples of mature cement were reacted with 
CO2-saturated/pressurized water (T = 80 °C, fP  ≈ 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 CO2-
induced reactions on the post-failure (fracture) strength. Our findings can be 
summarised as follows: 

1. Under all effective confining pressures investigated ( eff
cP = 1 – 25 MPa), 

both immature and mature cement yields by shear-enhanced 
compaction. With accumulating strain, at eff

cP <10 MPa, this gives way 

to dilatant behaviour shortly prior to failure, the latter manifested by 
localised, semi-brittle shear fractures. At higher eff

cP , yielding is 

followed by pervasive ductile deformation, invariably marked by strain 
hardening and continued shear-enhanced compaction.  

2. 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, with 0.58 26.3Q P= +  and 
1.14 27.4Q P= + (values in MPa) for immature and mature cement, 
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respectively. Our yield data can be reasonably described in -P Q space 
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. 

3. 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. 

4. 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. 

5. 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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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 (SA-
samples) 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 gap-
spacers, 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 

2
2 ( ) 2  ( ) 2 3 ( )  ( ) 3 ( )  ( ) 3 ( )CO H O H CO H HCO 2H COaq l aq aq aq aq 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): 

2 2
( ) 3 ( ) 3 ( )Fe CO FeCOaq aq s

+ −+ ⇒       (3.2) 

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 (Barlet-
Gouédard et al., 2009; Duguid et al., 2004; Kutchko et al., 2009, 2008, 2007) 
according to the reactions 

2
2 ( ) ( ) ( )Ca(OH) Ca 2OHs aq aq

+ −⇒ +       (3.3) 

2
 ( ) ( ) ( ) 2 ( )C–S–H Ca OH SiOs aq aq sam+ −⇒ + +      (3.4) 

2 2
( ) 3 ( ) 3 ( )Ca CO CaCOaq aq s

+ −+ ⇒       (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     50 (T) 4.45 ∙ 10-13    72 ±   8 6.44 ∙ 10-13 

SA-DI-ABV     50 (T) 6.37 ∙ 10-13 102 ± 12 2.37 ∙ 10-13 
SA-BR-SUB     50 (T) 3.39 ∙ 10-13    71 ±   9 4.31 ∙ 10-13 
SA-BR-ABV     50 (T) 3.93 ∙ 10-13 120 ± 11 6.99 ∙ 10-13 
SA-CS-SUB     50 (T) 3.03 ∙ 10-13    74 ±   7 2.32 ∙ 10-13 
LA-CS-ABV   270 (P) 8.65 ∙ 10-12 280 ± 19 1.01 ∙ 10-11 
LA-BR-SUB   290 (P) 9.65 ∙ 10-12 315 ± 25 4.19 ∙ 10-12 
LA-BR-ABV   310 (P) 1.67 ∙ 10-11 344 ± 24 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 pre-
saturated 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. 



Reaction and transport in debonded casing-cement interfaces 
 

95 
 

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 



Chapter III 
 

96 
 

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 cement-
saturated 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 two-
letter 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-CS-
ABV; 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 SA-
BR-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 SA-
DI-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 non-
submerged 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 SA-
CS-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 Fe-
hydroxides 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 LA-
BR-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 non-
submerged 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-CS-
SUB 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 water-
saturated 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 CO2-
induced 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 ( fP  = 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 CO2-
induced 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 cement-
casing 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, quasi-
static 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 flow-
regime, 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 CO2-
induced 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. 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 water-
saturated supercritical CO2. The LA sample submerged in brine showed 
behaviour similar to the SA samples. 

2. 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. 

3. 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. 

4. 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. 

5. 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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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. 

6. 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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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 cement-
filled 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 CO2-
rich 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 reactive-
transport. 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 
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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 water-
to-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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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 pre-
mixing 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 CO2-
saturated 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 
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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) 

S
app

Q L
A P

κ µ=
∆

    (4.1) 

where µ is the dynamic viscosity of the fluid [Pa s], SQ 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]. SQ was obtained 

at specific times by smoothing pump volume versus time data using a moving 



Reactive transport in wellbore interfaces on the 1-6 m length scale 
 

127 
 

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. 
Specifically, the fluid flux estimate obtained from US pump data ( US

pumpQ ) 

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

in the permeameter upstream of the sample ( US
leaksQ ) so that US US

Spump leaksQQ Q= + . 

Similarly, for the DS pump DS DS
Spump leaksQQ Q= − . We defined minimum and 

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

min max   and   
DS US
pump pumpQ QL L
A P A P

κ µ κ µ= =
∆ ∆

           (4.2) 

If leakage is negligible compared to the flux through the sample ( SQ ), then 

min max appκ κ κ≈ ≈ . However, if leakage contributes substantially to DS
pumpQ or 

US
pumpQ , then minκ and maxκ will reflect the associated uncertainty in appκ . To obtain 

a best estimate for appκ , we corrected for leaks as follows. Using the leak-rates 
US
isolatedQ and DS

isolatedQ  obtained in calibrations before and after each reactive flow-

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

US
isolated

US US DS
isolated isolated

Q
f

Q Q
=

+
    (4.3) 

Assuming USf 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     

( )1TOTAL TOTALUS DS
US leak leakUSpump pump

LRC

f Q QfQ QL L
A P A P

κ µ µ
− + −

= =
∆ ∆

   (4.4) 
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Here TOTAL US DSUS DS
leak pump pumpleak leakQ Q QQ Q= + = − was determined by linear regression 

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

Henceforth, in presenting our apparent permeability results we use LRCκ , which 

provides a best approximation for the apparent sample permeability, adding 

minκ and maxκ 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 appκ , as given by 

Equation 4.1, is 

2 2
app

app

P
P

δκ δµ δ
µκ

  ∆ ≈ +    ∆  
       (4.5) 

where the prefixδ 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 onδµ . 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 

-valueµ 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 Pδ∆ in Equation 4.5, 
this was estimated to be ~0.02 MPa, from permeameter calibrations, implying a 
relative error ( /P Pδ∆ ∆ ) 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 minκ , maxκ and LRCκ 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 LRCκ [m2] (plus minκ and maxκ ), 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, LRCκ , 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 LRCκ ≈ 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 LRCκ ≈ 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 LRCκ 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 LRCκ ≈ 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, 

LRCκ  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, LRCκ , 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 LRCκ ≈ 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  LRCκ ≈ 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, water-
based 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 LRCκ ≈ 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 LRCκ ≈ 5.7·10-16 m2, 

occurring some 30 h later. The apparent permeability then increased slowly, 
reaching LRCκ ≈ 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 post-
experiment 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 4.3-
4.5). 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 crescent-
shaped 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 sub-
micron 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. 
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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 aperture-
filling 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 cross-
sections 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 crescent-
shaped 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 orange-
brown 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 more-
or-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 100-
300 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 

2
2 ( ) 2  ( ) 2 3 ( )  ( ) 3 ( )  ( ) 3 ( )CO H O H CO H HCO 2H COaq l aq aq aq aq aq

+ − + −+ ⇔ ⇔ + ⇔ +   (4.6) 

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) 

2
2 ( )  ( )  ( )Ca(OH) Ca 2OHs aq aq

+ −⇒ +     (4.7) 
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2
 ( )  ( )  ( ) 2 ( )C-S-H Ca OH SiOs aq aq sam+ −⇒ + +     (4.8) 

2 2
 ( ) 3 ( ) 3 ( )Ca CO CaCOaq aq s
+ −+ ⇔     (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 portlandite-
depleted 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 Fe-
bearing 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 diffusion-
controlled 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 CO2-
bearing 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 flow-
through 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 

defect

defect

V
Q

τ =     (4.10) 

where defectV is the void volume of the defect [m3] and defectQ 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 ( critτ [s]) for sealing of 

fractures in cement: 

2 25.88 10 15.24crit hydr hydrw wτ −= ⋅ +     (4.11) 

Here, hydrw [μm] is the hydraulic aperture of the defect, and 1α  plus 2α  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, critτ [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 ( defectV ) and hydraulic aperture ( hydrw ) of our samples are 

needed. These were made using both microstructural and permeability data, 
assuming defect LRCQ Q≈ . Defect volume was estimated from microstructure using

( )( )22
defect tube tube obsV LR R w= ⋅− − , for samples T60-1, T60-2 and T80-1 (annular 

defect), and using /3defect obs tubeV w R Lπ=  for T80-2 (crescent-shaped void), 

where obsw [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 hydr obsw w≈ [μm] provided a first (upper 

bound) estimate of the hydraulic aperture. Estimates of defectV and hydrw 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 cementR  and tubeR  [m]. The hydraulic aperture is then 

given by hydr tube cementw R R= − [m], and is related to sample permeability via (cf. 

Bird et al., 2002): 

( ) ( )
( )2

22
44

21
8 ln 1 /

tu hydr
app hydr

hy

be
tube tube

tube r tubed

w R w
R R w

R w R
κ

 − = − − +
 −
 

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

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

( )( )22
defect tube hydrtubeV LR wR= ⋅−−  for samples T60-1, T60-2 and T80-1 (annular 

defect), and /3defect hydr tubeV w R Lπ=  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 residence-
time/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) CO2-
cement 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/Ca-
carbonate 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 long-
range 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 cement-
casing 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 long-
range reactive transport processes may significantly contribute to the self-
sealing 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. 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 100-
300 μm wide, was 2-3 orders. 

2. 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, depleted-
cement zones being absent beyond about 30 cm downstream. At the 
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same time, extensive precipitation of calcium carbonate (aragonite, 
calcite and vaterite) occurred, especially downstream, obstructing 
considerable portions of the open apertures at the debonded cement-
steel 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.  

3. 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. 

4. 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: 

2

24D
L QP f
R R
ρ

π
 ∆ = ⋅ ⋅ 
 

    (4.13) 

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

3], 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):  

64
ReDf =       with      2Re Q

R
ρ

πµ
=     (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): 

0.250.316ReDf −≈     (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 flow-
regimes 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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Chapter V 

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 cement-
rock 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 cement-
casing defects on a similar scale. 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. 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 advection-
dominated 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 long-
range 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. 

  



Reactive transport modelling of CO2-rich fluid flow 
 

169 
 

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 self-
enhancement 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 reactive-
transport 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 long-
range 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 

2
2 ( ) 2  ( ) 2 3 ( )  ( ) 3 ( )  ( ) 3 ( )CO H O H CO H HCO 2H COaq l aq aq aq aq aq

+ − + −+ ⇔ ⇔ + ⇔ +   (4.16) 
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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-silicate-
hydrate phases (C-S-H) present, leaving behind a poorly crystalline silicate 
residue (Kutchko et al., 2007; Mason et al., 2013), via the reactions  

2
2 ( )  ( )  ( )Ca(OH) Ca 2OHs aq aq

+ −⇒ +     (4.17) 

2
 ( )  ( )  ( ) 2 ( )C-S-H Ca OH SiOs aq aq sam+ −⇒ + +     (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): 

2 2
 ( ) 3 ( ) 3 (s)Ca CO CaCOaq aq
+ −+ ⇔      (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 cement-
steel 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 ( appκ ) with respect to water measured ~3.4∙10-13 m2 (Figure 
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5.1a), corresponding to an initial hydraulic aperture ( 0w ) of ~18.3 μm (cf. Bird 

et al., 2002), assuming a circumferential defect. Following introduction of CO2-
rich 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 CO2-
rich 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 ( steelR [m]) 

and the radius of the cement core residing inside ( cementR [m]). For this simple 

geometry, the initial hydraulic aperture of the debonding defect at the steel-
cement interface ( w [m]) is given by 0 steel cementw R R= − (Figure 5.3a). The region 

cementr R≤ 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 0

Pf [-] indicates the initial volume fraction of 

homogeneously distributed portlandite in the cement phase. Accordingly, the 
initial volume of portlandite present in each segment is 0 0 2

P P cementV f Rπ=  . 

 
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 steelr R=  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 cementR . Creation of these porous regions was implemented in 

the model by introducing three additional characteristic radii. The first is
( )PCCR 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 ( )innerR t and ( )outerR 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 porousκ [m2]. Accordingly, for this partially reacted state, fluid flow 

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

bounded by innerR and outerR . Initially, i.e. before any reaction takes place, PCCR ,

innerR and outerR are all equal to cementR . To reflect the impact of dissolution and 

precipitation, the radii are calculated and updated each time step. For each 
segment, ( )PCCR 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), 1PCC P cementR Rξ= − , 

where Pξ [-] 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 innerR and outerR 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. outer cementR R= . 

Considering a sharp radial zonation (Figure 5.3c), we take

( ) ( )0/inner P C PR V V f π= +


, where PV and CV [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 PCCR and innerR as 

impermeable. Conversely, as already indicated, the region bounded by innerR and

outerR is assigned a matrix permeability, porousκ [m2]. Note that, if there is no 

calcium carbonate in the segment ( 0CV = ), then inner PCCR R= via 01 /P P PV Vξ = − .  

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. inner cementR R= ). The calcium carbonate present in excess of 

the volume liberated by portlandite dissolution forms a porous precipitate, 
with porosity CPϕ [-] and matrix permeability porousκ [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

( ) ( )2 0 / (1 )outer cement CPC P PR R V V π ϕξ= + −−  (Figure 5.3d). The requirement that

outer steelR R≤ 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 CO2-
rich 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 

segmentPPQ K K
x

∆∂
= − =

∂ 

       (4.20) 

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

pressure difference acting across each individual segment. Note that

segmentP P∆ = ∑∆ . 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 innerr R≤ ≤ ), b) a zone made up of porous/permeable solids ( inner outerR r R≤ ≤ ), 

and c) the open debonding defect ( outer steelR r R≤ ≤ ). 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, porousQ [m3 s-1], we assume Darcy-type flow 

( )2 2
porous outer inner

porous

R R PQ
x

κ π
µ

− ∂
= −

∂
     (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, porousu [m s-1], is given by 

porous
porous

Pu
x

κ
µ

∂
= −

∂
        (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 1 gapuP
rx r r rµ
∂∂ ∂  =  ∂ ∂ ∂ 

      (4.23) 

where ( )gapu 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 gap porousu u= at the solid-defect 

interface ( outerr R= ), and a no-slip condition at the inner wall of the model tube              

( steelr R= ) to obtain (cf. Bird et al., 2002): 

( ) ( )
( )

2 2 2 2 ln /1 4
ln /4

steel
steel steel outer porousgap

outer steel

r RP R r R Ru
R Rx

κ
µ

 ∂ − + − −=   ∂  
 (4.24) 
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The corresponding volumetric fluid flux through the debonding aperture, gapQ  

[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

2 2
2 2

8

8 4
ln /

steel outer porous outer

steel outer
steel outer porous

outer steel

R R R
K R RR R

R R

κ
π
µ κ

 − −
 

= − − 
+ − − 
 

   (4.25) 

Combining Equations 4.20 and 4.25, we have an expression for the total 
volumetric flow ( totalQ ) 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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( ) , 1 , , 1 ,,
, 1 ,, 0 ,

, 1 , 1

a i a i a i a ia i
a i a ii total i i a i

i i i i

c c c cdc
c cV Q D A R

l ldt
− +

−
− +

− − 
+−= + − 

 
  (4.26) 

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

and the upstream segment 1i − , respectively, 0D is the diffusion coefficient, iA

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

between the centre of segment i  and the centres of the segments upstream and 
downstream of segment i , respectively. The term ,a iR  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: 

{ }min it T∆ ≤     (4.27) 

where iT  denote residence times belonging to segment i . 

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 “sample-
scale”, i.e. integrated, model domain-scale properties. First, we calculated the 
injected fluid volume by integrating the fluid flux ( totalQ ) over time. The 

apparent permeability of the sample ( appκ ) was calculated using (e.g. Guéguen 

and Palciauskas, 1994): 

2
total

app
steel

Q L
R P

µ
κ

π
=

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

steelR  [m] and L  [m] are the radius and length of the steel tube, while [Pa] 

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

0

0 0
total

defect

Q
V

τ =     (4.29) 

where ( )0 2 2
,defect isteel cement iV R Rπ= −∑  is the initial void volume of the debonding 

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 

P∆
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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  
[-] 

ΔH0  
[kJ mol-1] 

k  
[mol m-2 s-1] 

Ea  
[kJ mol-1] 

1 H2O = H+ + OH- 1.007∙10-14 a    
2 CO2 = H2CO3 3.390∙10-2 b -20.37 c   
3 H2CO3 = H+ + HCO3- 4.446∙10-7 b 7.7 c   
4 HCO3- = H+ + CO32- 4.688∙10-11 b 14.9 c   
5 Ca2+ + HCO3- = CaHCO3+ 10.0 b 25.82 d   
6 Ca2+ + OH- = CaOH+ 19.95 b 7.23 e   
7 Ca(OH)2 = Ca2+ + 2OH-  5.020∙10-6 a -16.94 a 5.5∙10-4 f   75 h  

8 CaCO3 = Ca2+ + CO32- 
3.360∙10-9 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 

 

a from Haynes (2014), b from Koutsoukos and Kontoyannis (1984), c from Benjamin (2002),    
d 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). 

5.3.5.2 Implementation of portlandite dissolution  
Within each segment, a specified volume fraction of portlandite, 0

Pf [-], is 

distributed homogeneously throughout the cement phase ( cementr R≤ ), 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

2

OHCa1P P eq
P

aaRate k A
K

−+
 

=  − 
 

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

experimentally determined rate constant, 2Ca
a + and

OH
a − [-] are the activities of 

the subscripted species, and eq
PK [-] 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: 

( ) ( ) ( )0 021 1P P P P PcementP PA f f ARα απξ ξ= =− −    (4.31) 

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

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

segment. Following Raoof et al. (2012), the value for Pk at temperature is 

calculated assuming an Arrhenius-type relation, using the Pk  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 PCCR (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    (

PCCr R≤ ) equals the equilibrium concentration, denoted eq
PC [mol m-3], as local 

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

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 gap

PC [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 ( cementr R= ). This rate is assessed using the analytical 

solution for a hollow cylinder of inner radius PCCR and outer radius cementR , which 

are kept at concentrations eq
PC and gap

PC , 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 ( cementr R= ) under steady state diffusion, is given 

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

( )2

2

OHCa
1 1ln( / )

eq
app P

eq
cement cement PCC P

D C am a
t R R R K

−+
 ∆

= −  − ∆  
   (4.32) 
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where appD [m2 s-1] is an apparent diffusion coefficient, representative for 

reaction and transport through the porous solid, and eq
PC [mol m-3] is the 

equilibrium molar concentration of dissolved portlandite in the pore fluid. 

Recalling that PCCR relates to the extent of reaction via 1PCC P cementR Rξ= − , we 

assume steady state behaviour in the period of each time-step and recalculate

PCCR 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

2

OHCa
2 1

1
app eq P

cement eq
cement P P

D C aaRate A
R K

ξ
ξ

−+
 −

=  − 
 

    (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 Pξ 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 eq

PC at PCCr R= , and gives a non-zero rate, regardless 

of how little portlandite is left, even when 0PCCR = . 

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

2

OHCa1eff
P eq

P

aaRate k
K

−+
 

=  − 
 

    (4.34) 

with 

2 1
min ,

eq
app P Peff

P P P cement
cement P

D C
k k A A

R
ξ

ξ

 − =  
  

    (4.35) 
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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): 

( ) 2 2
3

2 3

Ca CO
1 2 3H H CO 1C eq

C

a a
k a k a kRate A

K
+ −

+ ∗

 
+ += −  

 
    (4.36) 

Here, CA [m2] is the reactive surface area of calcite, 1k , 2k and 3k [mol m-2 s-1] are 

experimentally determined rate constants,
H

a + ,
2 3H CO

a ∗ and 2Ca
a + [-] denote the 

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

calcite (Table 5.1). Following Raoof et al. (2012), values for 1k , 2k and 3k 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 C C solidA Aα= for both precipitation and re-

dissolution, where Cα [-] 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 steelR = 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 ( 0w ) 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 
way, the initial fluid flux ( 0

totalQ ) in the simulation will be comparable to that 

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 porousκ = 10-15 m2 for the permeability of the porous solid, and used

CPϕ = 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 Pα = 100. The same value was used for Cα . For the initial 

volume fraction of portlandite in the cement, we assumed a typical 
composition, with 0

Pf = 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 ( appD ). 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 app SD effD Dα= , where effD [m2 

s-1] is the effective diffusion coefficient for diffusion of aqueous species through 
the cement matrix, while the parameter SDα [-] accounts for super-diffusivity of 

the CO2 reactions. As reference value for effD 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 SDα , Abdoulghafour et al. (2016) 

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

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

model for solute species in the pore fluid. Here, we used SDα = 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] 
𝜿𝜿𝒂𝒂𝒂𝒂𝒂𝒂𝟎𝟎  
[m2] 

𝑽𝑽𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝟎𝟎  
[m3] 

τ0 
[min] 

𝒅𝒅𝒂𝒂𝟎𝟎   
[v%] 

αP 
[-] 

αC 
[-] 

Dapp 
[-] 

κporous 
[m2] 

𝝋𝝋𝑪𝑪𝑪𝑪  
[%] 

          Reference case simulation 
Case RF  (46) 18.3 3.4∙10-13 2.06 ~17.3 20 102 102 10-9 10-15 30 
          Effect of reaction rate 
Case 01  (18) 18.3 3.4∙10-13 2.06 ~17.3 20 101 101 10-10 10-15 30 
Case 02  (33) 18.3 3.4∙10-13 2.06 ~17.3 20 103 102 10-8 10-15 30 
          Effect of initial portlandite content 
Case 03  (47) 18.3 3.4∙10-13 2.06 ~17.3 30 102 102 10-9 10-15 30 
Case 04  (48) 18.3 3.4∙10-13 2.06 ~17.3 40 102 102 10-9 10-15 30 
          Effects of the nature of the porous reaction products  
Case 05  (49) 18.3 3.4∙10-13 2.06 ~17.3 20 102 102 10-9 10-14 30 
Case 06  (32) 18.3 3.4∙10-13 2.06 ~17.3 20 102 102 10-9 10-15 15 
Case 07  (31) 18.3 3.4∙10-13 2.06 ~17.3 20 102 102 10-9 10-15 05 
          Variable aperture model domains – Subset I 
Case 08  (45) var a 3.4∙10-13 4.18 ~35.1 20 103 102 10-8 10-15 30 
Case 09  (44) var a 3.4∙10-13 4.18 ~35.1 20 103 102 10-8 10-15 30 
          Variable aperture model domains – Subset II 
Case 10  (37) var a 3.4∙10-13 3.95 ~35.1 20 103 102 10-8 10-15 30 
Case 11  (38) var a 3.4∙10-13 3.95 ~35.1 20 103 102 10-8 10-15 30 
Case 12  (39) var a 3.4∙10-13 3.95 ~35.1 20 103 102 10-8 10-15 30 
Case 13  (40) var a 3.4∙10-13 3.95 ~35.1 20 103 102 10-8 10-15 30 
          Variable aperture model domains – Subset III 
Case 14  (34) 18.3 b 3.4∙10-13 2.21 ~18.5 20 103 102 10-8 10-15 30 
Case 15  (55) 18.3 c 3.4∙10-13 2.36 ~18.5 20 103 102 10-8 10-15 30 
Case 16  (54) 18.3 b 3.4∙10-13 2.21 ~19.6 20 500 102 5∙10-9 10-15 30 
Case 17  (56) 18.3 c 3.4∙10-13 2.36 ~19.6 20 500 102 5∙10-9 10-15 30 
Case 18  (57) 18.3 d 3.4∙10-13 2.66 ~22.1 20 500 102 5∙10-9 10-15 30 

a See 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. 
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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 outerR and PCCR 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 flow-
through, 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 appD , Pα and Cα were systematically varied. Based on a large number of 

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

increasing both appD and Pα one order. Conversely, increasing Pα  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 appD , Pα and Cα

were varied as indicated in Table 5.2. Here, the black lines correspond to our 
reference case model (Case RF), with Pα and Cα both 100, and appD =10-9 m2 s-1. 

Grey dotted lines denote Case 01, where most conditions were as in the 
reference case simulation, but with appD , Pα and Cα set to 10-10 m2 s-1, 10 and 10, 

i.e. yielding ten times slower reaction kinetics. Conversely appD , Pα and Cα 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 Pα and Cα 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 



Reactive transport modelling of CO2-rich fluid flow 
 

197 
 

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,

0
Pf has a minor effect on the maximum downstream extent of chemical 

alteration, which decreases with increasing 0
Pf but remains close to ~3 metres 

(Figure 5.8a). Extent of portlandite dissolution in the segments ( Pξ ) at 48 h 

decreases with increasing 0
Pf (Figure 5.8b). It should be noted that the total 

amount of dissolved portlandite ( 0
P PV V− ) is about the same in three 

simulations, with differences in ( ) 00 /P PP P VV Vξ = −  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 Pξ values 

(via 1PCC P cementR Rξ= − and Equation 4.35). Hence, increasing 0
Pf 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 0

Pf . Accordingly, the effect of 0
Pf 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 𝑓𝑓𝑃𝑃

0  (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 ( porousκ ) and the carbonate 

precipitates forming inside the defect aperture were additionally given a 
porosity ( CPϕ ), 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 porousκ and CPϕ 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 ( porousκ = 

10-15 m2;  black curves;  Case RF) and a  simulation where porousκ 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 porousκ 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(min) 1app porous cement steelR Rκ κ −= − . 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 porousκ occur only after the defect is already largely sealed with 

calcium carbonate precipitates. 

 

Figure 5.10: Effect of 𝜑𝜑𝐶𝐶𝑃𝑃 (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 CPϕ we performed simulations with CPϕ = 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 appD , Pα and Cα

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 CPϕ 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 
sample permeability ( 0

appκ ) 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 ( defectV ) and hence in terms of the initial 

residence time of fluids ( 0τ ). 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 appD , Pα and Cα 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 0w = 60 μm along the upstream half of the 

model domain and 0w = 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 flow-
through. 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 CO2-
rich 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 appD , Pα and Cα 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

defectV ) 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 ( 0w ) 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 0w = 500 μm. This allowed us to study the effect of 

an enlarged sample inlet area. For Case 14 and 15, appD , Pα and Cα 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 ( 0w ) 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 appD , Pα and Cα

(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 ( appD and Pα ) 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 appD and Pα , and thus that reaction parameters alone cannot explain 

the deviation from experimental observations. Lowering the initial portlandite 
content ( 0

Pf ) 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 0
Pf 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 porousκ 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 ( CPϕ ), 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 ( 0w = 500 μm) along the first ~7.2 cm of the model 

domain, and a uniform 0w 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 ( 0w  ) 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, 0w from 6 to 

90 μm, and 0Q 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 ( hydrw ) 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 ( critτ ): 

4 29.8 10 0.254crit hydr hydrw wτ −= ⋅ +     (4.37) 

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



Chapter V 
 

214 
 

represented by an equivalent defect of uniform aperture, then hydrw = 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 



Reactive transport modelling of CO2-rich fluid flow 
 

215 
 

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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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). 

2. 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.     

3. 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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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 cement-
formation 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 



Chapter VI 
 

222 
 

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 FoC-
induced 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. 
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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 / sS c c= , with c and sc solute concentrations in the 

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

( )lneff
m

RT
SV

σ =     (5.1) 

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

crystallisation, P is the fluid pressure, nσ is the normal stress on the loaded 

surface of the growing crystal, R is the gas constant, T is the absolute 
temperature, and mV  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 

r
eff

s

G
V

σ ∆
= −

∆
    (5.2) 

where rG∆ is the Gibbs energy change of reaction and sV∆ 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 

1 1

JI
PT PT PT

r i i j j
i j

G ν µ ν µ
= =

∆ = +∑ ∑     (5.3) 

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

in the solution phase participating in reaction, while PTµ 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 magnitudeσ . 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)   

( )

1 1

JI
T T PT

r i i j j
i j

Gσ σ σν µ ν µ
= =

∆ = +∑ ∑     (5.4) 

Here, T
i
σµ are chemical potentials of the solid phases at the hydrostatic stressσ

and temperatureT , while ( )PT
j
σµ 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 0T

rG
σ∆ = . 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 ( ,Tσ ) compared with the 
reference state ( ,P T ) can be written as 
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( ) ( )( )

1 1

jI
PT PT PTT PT

i r j j ji i
i j

G σσν ν µ µµ µ
= =

= −∆ − −−∑ ∑     (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: 

,
T T T

i i m if Vσ σ σµ σ≈ +     (5.6) 

Here, T
if σ and ,

T
m iV σ denote the molar Helmholtz free energy and molar volume of 

solid i in the stressed state (e.g. Lehner, 1990). For the hydrostatic reference 
conditions ( ,P T ), we have ,

PT PT PT
i i m if PVµ = + . Considering elastic strain of the 

solids, the molar volume of the solid in the stressed state ( ,Tσ ) can be written 
in terms of the molar volume of the solid under hydrostatic conditions ( ,P T ), 
yielding    

( ),
, , , ,   with    

PT
m iT PT

m i m i m i m i
i

V
V V V V PB

σ σ= +∆ ∆ = − −     (5.7) 

where ,m iV∆ is the difference in molar volume between the stressed and 

unstressed solid, and iB 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   

, ,   with    
2 2

P
m i V m iT PT

i i i i

V e V
f f f fσ σ σ∆

= +∆ ∆ = − = −    (5.8) 

Where if∆  is the difference in molar Helmholtz free energy between the 

stressed and unstressed solid, and Ve 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 

( ) ( )( )
,

1 1

1
2

jI
PT PT PT PT

i m i r j j j
i ji

V GP B
σσ

ν ν µ µσ
= =

 − = −∆ − −−  
 

∑ ∑    (5.9) 
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For FoC-induced stresses of up to a few GPa, the terms /(2 )iBσ 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 T PT

i if fσ ≈ and , ,
T PT

m i m iV Vσ ≈ , Equation 

5.9 simplifies to 

( )( )

,

1 PT PT PT
eff r j j jPT

i m i

P G
V

σσ σ ν µ µ
ν

 = − = − ∆ + − ∑∑
   (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 reaction-
induced 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 Rodriguez-
Navarro, 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 re-
precipitation) 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 vacuum-
injecting 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 dissolution-
precipitation mechanism (e.g. Ramachandran et al., 1964), and we allow for 
complete reaction being prevented by stress build-up, then we must have 

( ) ( )

2
( ) 2 ( ) ( ) ( )

2
( ) ( ) 2 ( )

2
( ) 2 ( ) 2 ( ) ( ) ( )

CaO H O Ca 2OH  and

Ca 2 OH Ca(OH) , which on adding yield

CaO H O Ca(OH) Ca 2 OH1 1

s l aq aq

aq aq s

s l s aq aq

α α α

α α α

+ −

+ −

+ −

+ ⇒ +

+ ⇔

+ ⇒ + +− −

  (5.11a) 

where, per mole of CaO that dissolves,α moles of Ca(OH)2 precipitate, with
1α ≤ . Alternatively, if wet hydration would involve direct transformation of 

CaO into Ca(OH)2 (e.g. Sun et al., 2012), then we must have 

( ) ( ) ( )

( ) ( )

( ) 2 ( ) 2 ( )

2
2 ( ) ( ) ( )

2
( ) 2 ( ) 2 ( ) ( ) ( )

CaO H O Ca(OH)  and
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CaO H O Ca(OH) Ca 2 OH1 1

s l s
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s l s aq aq

α α α

α α α

+ −

+ −

+ ⇒

⇔ +− − −

+ ⇒ + +− −

  (5.11b) 

where, per mole of CaO that converts, ( 1 α− ) moles of the Ca(OH)2 formed 
subsequently dissolves, again with 1α ≤ . Note that Equations 5.11a and 5.11b 
yield the same net reaction, regardless of the specific pathway. The value ofα
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 ( ,Tσ ), 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 1α < . 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 1α ≈ 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 1α ≈ , Equation 5.11 
simplifies to 

( ) 2 ( ) 2 ( )CaO H O Ca(OH)s l s+ ⇒     (5.12) 
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and, in turn, means that Equation 5.10 can be simplified and rewritten as 

2 2

2

CaO H O Ca(OH)

,Ca(OH) ,CaO

PT PT PT
f f f

eff PT PT
m m

G G G
V V

σ
∆ +∆ −∆

=
−

    (5.13) 

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

( PT
f G∆ ) 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 1α = , i.e. 
it neglects compositional change in the solution phase, as well as neglecting 
stress-induced changes in if and ,m iV .  

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) 
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    (5.14) 

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

3) are empirical coefficients of a heat capacity equation of the form
2 0.5

0 1 2 3( )PC T T T Tβ β β β− −= + + + .  

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 CaO Ca(OH)2 H2O 

∆𝑓𝑓𝐺𝐺𝑇𝑇0
○  [kJ mol-1]  -6.04∙102 -8.97∙102  -2.372∙102 

∆𝑓𝑓𝐻𝐻𝑇𝑇0
○  [kJ mol-1]  -6.35∙102 -9.85∙102  -2.860∙102 

𝑆𝑆𝑇𝑇0
○  [J K-1 mol-1] 39 83 70 
𝑉𝑉𝑚𝑚○ [cm3 mol-1] 17 33 18 
𝛽𝛽0 [J K-1 mol-1] 49   1.87∙102 75 
𝛽𝛽1 [J K-2 mol-1]    4∙10-3 -2.20∙10-2 00 
𝛽𝛽2 [J K mol-1]  -6.53∙105 00 00 
𝛽𝛽3 [J K-0.5 mol-1] 00 -1.60∙103 00 

     Data from Matschei et al. (2007) 

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) load-
limit 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 hydration-
induced 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 L0 φ0 σ0 σTH σ5h ΔL5h σmax ΔLmax 
[mg] [mm] [%] [MPa] [MPa] [MPa] [mm] [MPa] [mm] 

A01 355.8 2.19 35.4 ~1.3 250 128.0 0.242 133.8 0.247 
A02 355.1 2.18 35.3 ~1.3 250 132.9 0.245 138.2 0.248 
A03 176.9 1.11 36.8 ~1.3 250 94.1 0.205 95.5 0.206 
A04 177.3 1.11 36.8 ~1.3 250 97.1 0.212 98.2 0.213 
A05 124.8 0.70 29.0 ~1.3 250 92.9 0.196 96.4 0.198 
A06 124.9 0.68 27.4 60 250 141.6 0.096 151.4 0.104 
A07 121.2 0.69 30.4 120 250 146.0 0.035 152.5 0.039 
A08 353.4 2.34 40.0 90 250 131.3 0.057 135.6 0.060 
A09 347.5 2.14 35.6 ~1.3 30 TH-30 0.609 TH-30 0.611 
A10 351.7 2.09 33.1 ~1.3 60 TH-60 0.288 TH-60 0.435 
A11 123.8 0.65 24.9 60 CL-60 CL-60 0.111 CL-60 0.156 
A12 123.1 0.66 25.7 120 CL-120 CL-120 0.023 CL-120 0.030 
A13 120.8 0.71 32.1 225 CL-225 CL-225 -0.043 - - 
A14 352.7 2.10 33.3 225 CL-225 CL-225 -0.042 - - 

 

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 position-
mode 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 ( 0m – 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 load-
control 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 ( ,0aσ ), using a 5 min-duration, linear load ramp, 

in experiments where ,0aσ > 1.3 MPa, establishing a corresponding initial piston 

position ( 0x ) 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 ( 0L ) and porosities ( 0φ ) 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 



Chapter VI 
 

236 
 

load-limit experiments, by applying lower load limits, corresponding to an axial 
stress THσ (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 ( ,0aσ ) throughout the hydration experiment.  

In all three types of experiments, measurement was initiated by vacuum-
injecting 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 ( aσ ) and axial strain ( ae ). 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 0/ae L L= ∆ , where 0L

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 ( 0φ  ), i.e. that 

of the dry CaO aggregate, was estimated using 0 0 CaO 01 /( )m L Aφ ρ= − , where 0m

denotes sample mass, CaOρ 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 ( ae ), i.e. 

sample expansion, are taken as positive. The maximum force of crystallisation 
was defined as the maximum axial stress ( maxσ ) measured while the sample 

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

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           
( ,0aσ ) of ~1.3 MPa and using an axial stress limit ( THσ ) 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                 

0φ = 29.0%. However, the main variable in this subset of experiments was initial 

sample thickness ( 0L ), 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, vacuum-
injection 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 0L <1.2 mm (A03, 

A04 and A05) to ~135 MPa in experiments with 0L = 2.18 mm (A01 and A02). 

The maxσ values also increased with increasing 0L (Figure 6.2a; Table 6.2). 
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Conversely, the swelling strains ( ae ) 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 stress-
displacement 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 5 00.174 0.031hL L∆ = + . 

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 ,0aσ  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 0L and 0φ measured 2.1-2.3 mm and 

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

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

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 aσ 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 0L and 0φ , produced comparable 

axial stresses, while higher ,0aσ 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 0L and 0φ , 

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 0L 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 constant-
position 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 0L , 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 load-
control 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. maxσ 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 



Chapter VI 
 

248 
 

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 ( ,m mV L∆ ∆ ) is in turn determined by the increase in 
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solid volume ( sV∆ ) 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 ( pV∆ ), plus elastic 

changes in solid grain density (and hence sample volume, elV∆ ) 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 pV +∆ (>0), due to entrapment and expansion of pores as a 

direct consequence of reaction, plus a component of pore volume change pV −∆

(<0) related to stress-driven mechanical compaction involving grain 
rearrangement/deformation and hence solid redistribution. 

On this basis, we can accordingly write ( ) ( , ) V ( , , ) m s p el pV V V Vξ ξ σ ξ σ∆ = ∆ +∆ +∆

where p p pV V V+ −∆ = ∆ +∆ , which on dividing by initial sample volume gives 

sample strain at any instant as 

0 0

( ) ( , ) ( , , ) m m
m s p el

V Le e e e
V L

ξ ξ σ ξ σ φ∆ ∆
= = = + +     (5.15) 

where each term can be viewed as volumetric strain contributions due to solid 
conversion ( se ), permanent pore volume change ( pe ), and elastic deformation 

of the sample ( ele ). However, as reasoned above, in fixed position experiments, 

sample swelling strain and associated axial displacement ( mL∆ ) are 

accommodated by apparatus distortion, so that /mL Cσ∆ = where C is the 

apparatus stiffness (itself a function of stress in our setup) measured in Pa m-1. 
Equivalently, 0/( )me CLσ= . Now, at a given reaction extent (ξ  ) and sample 

porosity (φ  ), /el Ce Eσ=  where CE is the instantaneous constrained elastic 

stiffness of the sample. This means we can rewrite Equation 5.15 as 

0

( ) ( , )m el s p
C

e e e e
CL E
σ σ ξ ξ σ− = − = +     (5.16) 

In general, however, 0CE CL (elastic stiffness of the sample is much greater 

than of the much larger machine), so that el me e  and ele can be neglected, 

yielding ( ) ( , )m s pe e eξ ξ σ≈ +  or ( ) ( , )m s pV V Vξ ξ σ∆ ≈ ∆ +∆ . In addition, the FoC-
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driven stress that develops during reaction of a given sample tested in fixed 

position mode can be written as ( )0 ( ) ( , )s pe eCL ξ ξ σσ +≈ . 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 se (solid volume change sV∆ ) 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 ( ,m mV e∆ ) 

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 0φ <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 ( 0φ ) is known from 0 0 CaO 01 /( )m L Aφ ρ= − . 

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 THσ = 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 build-
up 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 position-
controlled 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 CaO-
based 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 6.2-
6.5, 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 
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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. 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. 

2. 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. 

3. 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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powder. We infer this represents ongoing, post-experiment hydration 
of these parts of the samples. 

4. 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.   

5. With regard to possible application to leakage remediation in 
wellbores, the present laboratory experiments documented hydration-
induced 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 self-
sealing behaviour). These aims were addressed by performing batch reaction 
and permeametry experiments, conventional triaxial compression tests, long-
range 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 

http://www.co2-cato.org/
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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, semi-
brittle 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 

0.58 26.3Q P= +  and 1.14 27.4Q P= +  (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 LA-
sample 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, depleted-
cement 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 casing-
cement 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 



Chapter VII 
 

270 
 

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 expansion-
compaction 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 CO2-
bearing 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 casing-
cement 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 



General conclusions and suggestions 
 

277 
 

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 self-
sealing 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 
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(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. 
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