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To limit climate change and its impact on society and environment, 
anthropogenic emissions of greenhouse gases, such as CO2 and methane, must 
be reduced to zero or even to negative values by a portfolio of actions. These 
include both decarbonisation of the energy system, by switching to carbon-
neutral energy sources, such as wind, solar, geothermal and biomass, and 
elimination of emissions from fossil fuel use via carbon capture and storage (or 
utilization). During the transition to a more sustainable energy system, natural 
gas, being a relatively low-carbon fossil fuel, is widely assumed to play an 
important interim-role. However, prolonged gas production is leading to 
surface subsidence and induced seismicity in an increasing number of gas fields 
around the world, due to depletion-driven compaction of the reservoir rock. 
Given a continuing dependency on natural gas, the question arises whether 
options exist to mitigate reservoir compaction, such that gas production may be 
prolonged with minimal impact. A commonly applied strategy in small 
reservoirs, where injection volumes are realistic, is to repressure the reservoir 
through fluid injection, thus reducing the mechanical driving force (the 
effective stress) for reservoir compaction. Alternatively, fluid injection may be 
used to regulate the chemical environment within the reservoir, potentially 
reducing compaction by inhibiting fluid-assisted deformation mechanisms. 
Aside from natural gas production, porous sand and sandstone reservoirs are 
becoming widely targeted for fluid injection related to natural gas storage, 
geothermal energy production, temporary storage of renewably produced 
energy carriers such as hydrogen, synthetic fuel and compressed air, and 
permanent disposal of CO2 and wastewater. However, during such fluid 
injection operations, it is paramount that any increase in the risk of subsidence, 
seismicity or other environmental or geological hazards, due to changing 
reservoir pressure and fluid chemistry, is avoided. This thesis addresses the 
geological and environmental risks related to subsurface fluid injection into 
depleted hydrocarbon reservoirs, and explores the effect of injected pore fluid 
chemistry on the mechanical behaviour of sands and sandstones, in the context 
of the potential for mitigating reservoir compaction caused by gas production, 
geothermal energy production and geological storage applications.  

In Chapter 1, the motivation and scope of the study are described, including a 
brief introduction to the risks of subsurface fluid injection and the approach 
generally taken to assess risks. In addition, the grain-scale mechanisms 
controlling reservoir compaction are introduced, whereby previous 
experimental work on fluid-rock interactions is summarised. Throughout the 
chapter, knowledge gaps are identified. These are used at the end of the chapter 
to define the specific research aims. 
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Chapter 2 reports a review of previous risk assessments concerned with fluid 
injection into depleted hydrocarbon reservoirs. In total, 28 assessments were 
selected for analysis. These studies assessed the environmental and geological 
risks related to the injection of CO2 (eleven studies), methane (nine studies), 
nitrogen (two studies) and wastewater (six studies). Based on the review and 
employing a standard risk analysis approach, a logic tree was constructed, 
presenting the three most widely recognized hazards, i.e. leakage, reservoir 
deformation and induced seismicity, as well as their causes and consequences 
for specific impact receptors. The main causes could be grouped into well 
failure, fluid migration into connected groundwater systems, permeation along 
faults, caprock failure, reservoir deformation (compaction and expansion) and 
fault reactivation. In addition, the following impact receptors were identified: 
the atmosphere, the surface environment (including surface sediments and 
surface water), and/or the subsurface environment (encompassing subsurface 
resources and groundwater). In the logic tree, nine unique hazard-receptor 
combinations were outlined, for which qualitative risk levels (defined as the 
product of the consequence(s) of a hazard and the probability of occurring) 
were determined, based on the results reported in the selected assessments. For 
most hazard-receptor combinations, the probability was well-defined, while the 
possible magnitude of consequences varied greatly - either due to spread in 
possible severities or due to a lack of knowledge on the impact. In addition, 
four hazard-receptor combinations could be evaluated for multiple fluids, i.e. 
leakage to the atmosphere and reservoir deformation with surface displacement 
for CO2 and methane, leakage to the groundwater for CO2, methane and 
wastewater, and induced seismicity with ground shaking for all fluids, such 
possible impacts and probability of the risk occurring could be compared 
between fluids. However, due to lack of knowledge on the possible impact 
magnitudes and to differences in assessment approaches, this comparison was 
hampered and it was inconclusive whether the level of risk was fluid specific. 
Additionally, the selected risk assessments were analysed and compared based 
on the corresponding assessment approaches. This revealed that for all fluids 
addressed previously there was a strong focus on defining the system, 
identifying and analysing the pertinent hazards, and identifying consequences. 
Assessments directed at injection of CO2 and methane, two fluids that are the 
most widely studied, also evaluated the consequence magnitudes and 
probabilities. On the basis of the logic tree analysis and comparison of 
assessment approaches, the following needs were identified: 1) better 
understanding and characterization of hazard causes such as well failure, 
caprock failure, reservoir compaction and fault reactivation; 2) more complete 
appraisal of the consequence magnitudes applying to leakage and induced 
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seismicity; and 3) better qualification and quantification of acceptable risk 
thresholds. 

The mechanisms controlling reservoir rock compaction, a key hazard cause, and 
the effects of injected fluid chemistry on compaction were investigated by 
means of rock deformation experiments on sands and sandstones in Chapters 3 
to 5. Chapter 3 describes laterally constrained, axial stress-cycling (oedometer) 
experiments conducted on quartz sand samples at stresses up to 35 MPa at 80 
°C.  The samples were tested under pore fluid conditions ranging from low-
vacuum (dry) to injection of n-decane, distilled water, and HCl or NaOH 
solutions covering pH values in the range 1 to 14. Comparison of the total strain 
(strain at maximum applied stress) and permanent strain (strain after 
unloading) allowed determination of the elastic strain per stress-cycle. The 
amount of total, permanent and elastic strain accumulated per stress-cycle 
decreased with each consecutive cycle. In addition, higher porosity samples 
showed higher strains. While the elastic strain (1.5-1.9% in the first stress-cycle) 
was independent of pore fluid chemistry, the permanent strain component 
increased from low-vacuum (dry) conditions (0.7-0.9%), to saturation with n-
decane (0.9-1.0%), strong acidic environments (1.0-1.4%), distilled water (1.9%), 
and to highly alkaline environments (2.5-2.7%). This pronounced effect of pore 
fluids on permanent strain decreased with each subsequent cycle and vanished 
around the eighth or ninth stress-cycle. In addition, cumulative acoustic 
emissions (AEs) correlated with permanent strain and roughly with the trend 
observed between permanent strain and pore fluid chemistry. Moreover, 
microstructural analysis revealed a strong reduction in grain size and an 
increase in microcrack density after versus before stress-cycling. These 
observations imply that permanent compaction was caused by the subcritical 
growth of microcracks producing grain failure plus serial rearrangement. In the 
case of aqueous pore fluids, it was inferred that crack growth occurred via 
stress corrosion cracking, whereby the corrosive species (i.e. water and 
hydroxyl ions) promoted crack growth through the attack of Si-O bonds at the 
crack tips, with pH-dependent interfacial reactions controlling the rate of the 
process.  

Chapter 4 describes uniaxial (oedometer) compaction creep experiments on the 
same sand aggregates. These experiments were conducted at a constant axial 
applied effective stress of 35 MPa at 80 °C, subjecting the pore fluid system to 
low-vacuum (dry) conditions, supercritical (sc) N2, sc CO2 and water-saturated 
sc CO2 (wet CO2) phases at 10 MPa pore pressure. Other pore fluids used (at 
atmospheric pressure) included distilled water, ‘simple’ HCl and NaOH 
solutions of pH 1, 2.4, 4 and 9, and ‘complex’ solutions with similar pH values 
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but containing additives typically used in subsurface fluid injection. These 
consisted of AMP (a commonly used scaling inhibitor), washing detergent and 
AlCl3 (a possible surface reaction inhibitor). Compaction creep increased with 
sample porosity, as well as with water concentration in the pore fluid, evidence 
by the fact that creep strain and strain rate increased progressing from low-
vacuum (dry) conditions, to N2, CO2, wet CO2, and to distilled water. In 
addition, creep strain and strain rate increased with increasing solution pH. 
Interestingly, the complex acidic solutions containing AMP and AlCl3 additives 
were less effective at inhibiting creep than simple solutions with the same pH 
but no additive. By contrast, the alkaline washing detergent solution promoted 
creep more than its simple solution counterpart. In line with these mechanical 
trends, microstructural study of deformed versus undeformed samples showed 
that the overall grain size decreased and the microcrack density increased with 
increasing strain. In combination with the observed AE activity during creep, it 
was inferred that subcritical crack growth controlled creep deformation. In the 
case of supercritical and aqueous pore fluids, stress-corrosion cracking was 
again inferred to be the controlling process, given the observed sensitivity to 
water concentration, and to solution pH (which affects quartz surface charge 
and thereby the rate of transport to and especially adsorption of corrosive 
species at crack tips). The additives presumably perturb the interfacial solvent 
structure around the crack tips, facilitating access of corrosive species to the 
crack tip, such that the acidic additives were less successful at inhibiting crack 
growth and the alkaline additive was more successful at promoting crack 
growth than the simple solutions with the same pH but no additive. 

Chapter 5 reports similar uniaxial compaction creep experiments, but 
performed using samples of Bentheim sandstone (95% quartz content). During 
creep, the applied axial effective stress was held constant at 35, 75 or 100 MPa. 
The pore fluid system was maintained at low-vacuum (dry) conditions or else 
saturated with distilled water, supercritical N2, sc CO2, water-saturated sc N2 
(wet N2) and wet sc CO2. Acid aqueous solutions, including an HCl solution, 
AMP solution and AlCl3 solution were also used. The following effects on 
sandstone compaction were observed: 1) compaction creep and creep rates 
increased with increasing applied stress and with increasing starting porosity; 
2) saturation with distilled water enhanced compaction compared to dry 
conditions; 3) all supercritical pore fluid phases showed a similar inhibiting 
effect on creep compared to dry conditions; and 4) acidic solutions inhibited 
compaction creep compared to distilled water. Microstructural analysis 
conducted before and after the experiments, revealed an increase in the number 
of microcracks after creep. Combined with AE activity measured during the 
experiments, it was inferred that deformation was caused by grain and grain 
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contact failure with serial rearrangement of grains and grain fragments. The 
underlying process for grain (contact) failure was likely subcritical crack 
growth, via stress corrosion cracking. Whereas in the low-vacuum (dry) 
conditions, Si-O bond breakage was likely aided by remnant interfacial water or 
water absorbed to clays, the supercritical phases likely adsorbed remnant water, 
drying crack tips, hence inhibiting crack growth and creep. The negative quartz 
surface charge developed in acidic solutions likely reduced the rate of 
interfacial reactions between the corrosive water species and crack tips, 
inhibiting creep compared to distilled water.  

In Chapter 6, synergies between rock deformation experiments and risk 
assessment are addressed by outlining the workflow followed in the different 
phases of a subsurface fluid injection project. During the life-cycle of a fluid 
injection operation, multiple risk assessment should be conducted at an 
increasing level of detail. Stakeholders, ranging from the site operator, to 
researchers of rock mechanics and other key disciplines, risk modellers, 
regulators, service companies, non-governmental organisations (NGO’s), and 
the local site community, have a role to play. During the initial phases of an 
injection project (i.e. site screening and selection), researchers will mainly be 
called upon to provide input in expert elicitation sessions. As the project 
continues into the next phases (i.e. site characterisation, development and 
operation), research into hazard causes, pathways of hazard 
spreading/broadening and the impact on receptors may be required. This is 
where close collaboration between risk modellers and rock mechanics 
researchers can result in direct integration of research results into risk 
modelling. Regarding the experimental results reported in Chapters 3 to 5, 
these provide qualitative insight into whether injection of certain fluids will or 
will not increase the probability of reservoir deformation. Additionally, the 
results may serve as a basis for further investigation into the effects of fluid 
injection on the mechanical behaviour of sandstone, with aim to develop 
mechanism-based constitutive laws, which was outside the scope of this study. 
With these constitutive laws, lab-based results can be extrapolated to the 
reservoir-scale, such that the reservoir response to fluid injection can be 
assessed in terms of induced seismicity and surface subsidence at timescales 
relevant for injection and storage. 

Finally, in Chapter 7, the main findings of the thesis are summarised and an 
overview of the implications for subsurface fluid injection is given. A major 
overall conclusion is that pore fluid chemistry can positively or negatively affect 
the mechanical behaviour of quartz sand aggregates and Bentheim sandstone 
under uniaxial strain conditions similar to laterally constrained conditions in 
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the subsurface, depending in particular on water concentration in the fluid and 
pore fluid pH. For quartz-rich sand and sandstone reservoirs, the observed 
creep-inhibiting effect of acidic solutions suggests that production-induced 
reservoir compaction may be mitigated by acidifying the pore fluid. This could 
be achieved, in the case of small reservoirs where injection volumes are feasible, 
by injecting an acidic fluid or injecting CO2. Injection CO2 has the added 
advantage of contributing to reducing anthropogenic CO2 emissions. On the 
other hand, the compaction-enhancing effect observed for alkaline 
environments suggests that the injection of alkaline fluids, such as alkaline 
wastewater, is better avoided in quartz-rich sand and sandstone reservoirs, as it 
may increase reservoir compaction rates and the concomitant risks of induced 
seismicity and surface subsidence. However, even if the experiments suggest 
that fluid injection may have a positive effect on reservoir behaviour, injection 
should be preceded by a thorough risk assessment, showing that the overall 
project risk is low.  
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Om klimaatverandering en de gevolgen hiervan voor de maatschappij en het 

milieu te beperken, is het nodig om de uitstoot van door de mens veroorzaakte 

broeikasgassen, zoals CO2 en methaan, terug te brengen naar nul of zelfs naar 

negatieve waardes door een porfolio van maatregelen te implementeren. Deze 

maatregelen omvatten zowel de decarbonisatie van het energiesysteem door 

over te stappen naar CO2-neutrale energiebronnen, zoals wind- en zonne-

energie, geothermie en het gebruik van biomassa, en het voorkomen van de 

uitstoot van CO2 bij de verbranding van fossiele brandstoffen door CO2-afvang 

en –opslag (of –gebruik; internationaal afgekort als CCS, Carbon Capture and 

Storage, of CCU, Carbon Capture and Utilisation). Er wordt aangenomen dat 

tijdens de overgang naar een duurzamer energiesysteem, aardgas een 

belangrijke, tijdelijke, rol zal spelen vanwege zijn relatief lage koolstofgehalte in 

vergelijking met andere fossiele brandstoffen zoals aardolie en steenkool. 

Echter, in een toenemend aantal gasvelden wereldwijd leidt de langdurige 

winning van aardgas tot bodemdaling en geïnduceerde seismiciteit. De 

drukdaling als gevolg van olie- of gaswinning veroorzaakt compactie van het 

reservoirgesteente, dit kan op zijn beurt leiden tot bodemdaling en seismiciteit. 

Gezien de blijvende afhankelijkheid van aardgas in de nabije toekomst, leidt dit 

tot de vraag of er mogelijkheden zijn om reservoircompactie te beperken, zodat 

de aardgasproductie kan worden voortgezet met minimale gevolgen. Een 

algemeen toegepaste strategie in kleine olie- en gasvelden is het herstellen van 

de reservoirdruk door middel van gas- of vloeistofinjectie, waardoor de 

mechanische drijfkracht (de effectieve spanning), die leidt tot 

reservoircompactie, wordt verminderd. Anderzijds kan gas- of vloeistofinjectie 

in kleine velden, waar de injectievolumes haalbaar zijn, gebruikt worden om 

het chemische milieu in het reservoir te reguleren. Hierdoor zouden 

deformatiemechanismen in het reservoir, die beïnvloed worden door de 

aanwezigheid van specifieke vloeistoffen en leiden tot compactie van het 

reservoir, mogelijk kunnen worden geremd. Naast aardgasproductie, groeit de 

interesse in poreuze zand- en zandsteenreservoirs voor gas- of vloeistofinjectie 

gerelateerd aan aardgasopslag, de productie van aardwarmte, de tijdelijke 

opslag van duurzaam geproduceerde energiedragers, zoals waterstof, 

synthetische brandstof en samengeperste lucht, en de langdurige opslag van 

CO2 en afvalwater. Echter, tijdens dergelijke injectieprojecten is het belangrijk 

dat elke verhoging van het risico op bodemdaling, seismiciteit of andere milieu- 
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en geologische dreigingen, door veranderingen in de reservoirdruk en 

vloeistofchemie, wordt vermeden. Dit proefschrift richt zich op de geologische 

en milieurisico’s van gas- of vloeistofinjectie in uitgeputte olie- en gasreservoirs. 

Daarnaast bestudeer ik het effect van veranderingen in porievloeistofchemie, 

veroorzaakt door injectie, op het mechanische gedrag van zanden en 

zandstenen. Dit met als mogelijk doel het beperken, of mitigeren, van 

reservoircompactie ten gevolgen van aardgasproductie, de productie van 

aardwarmte en geologische opslagtoepassingen. 

In Hoofdstuk 1 wordt de motivatie en het toepassingsgebied van deze studie 

beschreven, inclusief een beknopte introductie over de risico’s van 

ondergrondse gas- of vloeistofinjectie en de algemeen gebruikte aanpak om 

deze risico’s te beoordelen. Daarnaast worden de mechanismen geïntroduceerd 

die op korrelschaal actief en verantwoordelijk zijn voor reservoircompactie. 

Hierbij zullen al bekende experimentele studies over vloeistof-gesteente-

interacties worden samengevat. Door middel van deze uiteenzettingen zullen 

belangrijke tekortkomingen in de huidige staat van kennis duidelijk worden, 

welke gebruikt zijn om de specifieke onderzoeksdoelen van de huidige studie 

te definiëren. 

Hoofdstuk 2 geeft een evaluatie van bestaande risicobeoordelingen die 

betrekking hebben op gas- of vloeistofinjectie in uitgeputte olie- en 

gasreservoirs. Voor deze evaluatie waren in totaal 28 beoordelingsstudies 

geselecteerd. Deze studies richtten zich op de milieu- en geologische risico’s 

gerelateerd aan de injectie van CO2 (elf studies), methaan (negen studies), 

stikstof (twee studies) en afvalwater (zes studies). De analyse vormde de basis 

voor het opzetten van een effectenboom, waarin de drie meest algemeen 

erkende dreigingen, dat wil zeggen lekkage, reservoirdeformatie en 

geïnduceerde seismiciteit, zijn opgenomen, evenals hun oorzaken en gevolgen 

voor specifieke gevolgreceptoren. De hoofdoorzaken konden gegroepeerd 

worden in boorputfalen, gas- of vloeistofmigratie, vloeistof-indringing langs 

breuken, bezwijken van de afdichtende laag, reservoirdeformatie (compactie en 

expansie) en breukreactivatie. Daarnaast werden de volgende gevolgreceptoren 

geïdentificeerd: de atmosfeer, de oppervlakteomgeving (inclusief 

bodemsedimenten en oppervlaktewater), en/of de ondergrondomgeving (met 

daarin aanwezige ondergrondse bronnen en grondwater). De effectenboom 
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leidde tot negen unieke dreiging-receptorcombinaties, waarvoor kwalitatieve 

risiconiveaus (gedefinieerd als het product van de gevolgen van een dreiging en 

de waarschijnlijkheid dat het plaats vindt) werden bepaald, gebaseerd op de 

resultaten die gerapporteerd waren in de geselecteerde studies. Voor de meeste 

dreiging-receptorcombinaties was de waarschijnlijkheid goed gedefinieerd, 

terwijl de potentiële grootte van de gevolgen sterk varieerde – ofwel door de 

spreiding in mogelijke zwaarte ofwel door een gebrek aan kennis. Daarnaast 

konden vier dreiging-receptorcombinaties geëvalueerd worden voor meerdere 

injectiemedia (injectiegassen of -vloeistoffen), dat wil zeggen lekkage naar de 

atmosfeer en reservoirdeformatie in het geval van CO2- en methaaninjectie, 

lekkage naar het grondwater in het geval van CO2-, methaan- en 

afvalwaterinjectie, en geïnduceerde seismiciteit met grondbeweging in het 

geval van alle vier de injectiemedia. Dit maakte het mogelijk om de potentiële 

gevolgen en de waarschijnlijkheid van het risico onderling te vergelijken tussen 

de verschillende injectiemedia. Echter, door een gebrek aan kennis over de 

mogelijke grootte van de gevolgen en de verschillen in aanpak, werd deze 

vergelijking bemoeilijkt. Hierdoor was het niet eenduidig vast te stellen of het 

risiconiveau specifiek afhankelijk was van het gekozen injectiemedium. 

Daarnaast waren de geselecteerde risicostudies geanalyseerd en vergeleken op 

basis van de analyseaanpak. Hieruit bleek dat voor alle hiervoor genoemde 

injectiemedia er een sterke focus was op het definiëren van het systeem, het 

identificeren en analyseren van de dreigingen, en het identificeren van de 

gevolgen. Risicobeoordelingen gericht op de injectie van CO2 en methaan, twee 

gassen die uitgebreid bestuurd zijn, evalueerden ook de grootte van de 

gevolgen en de waarschijnlijkheden hiervan. Op basis van de 

effectenboomanalyse en de vergelijking van de beoordelingsaanpakken zijn de 

volgende behoeften geïdentificeerd: 1) verbeterd begrip en karakterisering van 

dreigingsoorzaken zoals boorputfalen, bezwijking van de afdekkingslaag, 

reservoircompactie en breukreactivatie; 2) verbeterde bepaling van de grootte 

van de gevolgen van lekkage en geïnduceerde seismiciteit; en 3) betere 

kwalificatie en kwantificatie van acceptabele risicolimieten.  

De mechanismen die verantwoordelijk zijn voor reservoircompactie, één van de 

onderliggende hoofdoorzaak voor de dreiging van reservoirdeformatie, en de 

effecten van veranderingen in porievloeistofchemie door injectie, op compactie 
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zijn onderzocht door middel van gesteentedeformatie-experimenten op zanden 

en zandstenen in Hoofdstukken 3 tot en met 5. Hoofdstuk 3 beschrijft 

oedometer experimenten uitgevoerd op testmateriaal van kwartszand bij 80 °C. 

Hierbij was de laterale deformatie beperkt (1-D compactie) en werd de 

aangebrachte mechanische, verticale, spanning in repeterende cycli verhoogd 

en verlaagd in het bereik van nul tot maximaal 35 MPa. Het materiaal werd 

getest in verschillende porievloeistofmilieus, variërend van laag-vacuüm 

(droge) condities tot nat door middel van injectie van n-decaan, gedestilleerd 

water, en HCl of NaOH oplossingen met pH-waardes tussen de 1 en 14. Door 

de totale vervorming (vervorming op de maximale aangebrachte spanning) te 

vergelijken met de permanente vervorming (vervorming na het verminderen 

van de spanning) kon de elastische vervorming per spanningscyclus bepaald 

worden. De hoeveelheid totale, permanente en elastische vervorming die 

opgebouwd werd gedurende een spanningscyclus werd minder met elke 

daaropvolgende cyclus. Bovendien vertoonden testmonsters met een hogere 

porositeit meer vervorming. Terwijl de elastische vervorming (1,5-1,9% in de 

eerste spanningscyclus) onafhankelijk was van porievloeistofchemie, nam de 

permanente vervormingscomponent toe van laag-vacuüm (droge) condities 

(0,7-0,9%), naar verzadiging met n-decaan (0,9-1,0%), sterk zure milieus (1,0-

1,4%), gedestilleerd water (1,9%), en naar sterk basische milieus (2,5-2,7%). Dit 

uitgesproken effect van porievloeistof op permanente vervorming verminderde 

met elke opvolgende cyclus en verdween rond de achtste of negende 

spanningscyclus. Ook de cumulatieve akoestische emissies (AEs) lieten een 

correlatie zien met de permanente vervorming en grofweg met de trend die was 

geobserveerd tussen de permanente vervorming en porievloeistofchemie. 

Daarnaast bracht microstructurele analyse van het samengedrukte zand aan het 

licht dat de korrelgrootte sterk afnam en dat de dichtheid van kleine breukjes 

(haarscheurtjes) in de individuele zandkorrels toe nam door het aanbrengen 

van de spanningscycli. Deze observaties impliceren dat de permanente 

vervorming het gevolg was van subkritische groei van haarscheurtjes in de 

zandkorrels wat resulteerde in het breken van de korrels gevolgd door 

herschikking van de korrels en korrelfragmenten. In het geval van de waterige 

oplossingen (gedestilleerd water, zure en basische vloeistoffen) werd duidelijk 

dat het groeien van haarscheurtjes bespoedigd wordt door spanningscorrosie. 

Dit komt doordat corroderende deeltjes (m.a.w. watermoleculen en OH--ionen) 
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breukjesgroei vergemakkelijken door de Si-O verbindingen in de punt van de 

haarscheur te verzwakken, wat verdere scheuring gemakkelijker maakt. Echter 

de snelheid van dit proces wordt sterk beïnvloed door de pH van de 

porievloeistof. 

Hoofdstuk 4 beschrijft uniaxiale (oedometer) kruipexperimenten op 

zandaggregaten. Deze experimenten zijn uitgevoerd met een constante, 

effectieve, mechanische spanning van 35 MPa bij 80 °C. Het chemische milieu 

werd gevarieerd van een laag-vacuüm (droge) conditie, tot superkritische (sk) 

N2, sk CO2 en met waterverzadigde sk (natte) CO2 fases, alle op 10 MPa 

poriedruk. Andere porievloeistoffen (op atmosferische druk) waren 

gedestilleerd water, ‘simpele’ HCl en NaOH oplossingen met pH’s van 1, 2,4, 4 

en 9, en ‘complexe’ oplossingen met vergelijkbare pH waarden maar met 

chemische toevoegingen die typisch gebruikt worden tijdens ondergrondse gas- 

of vloeistofinjectie. Dit waren waterige oplossingen van AMP (een algemeen 

gebruikt middel om de vorming van aanslag door mineraalneerslag te 

vertragen of voorkomen), wasmiddel en AlCl3 (een mogelijke remmer van 

oppervlaktereacties). Kruip, of tijdsafhankelijke compactie, nam toe met 

aggregaat-porositeit, evenals met de waterconcentratie in de (superkritische) 

vloeistoffen. Dit laatste was duidelijk door de toenemende mate van kruip en 

de toenemende kruipsnelheid gaande van laag-vacuüm (droge) condities, naar 

N2, CO2, natte CO2 en naar gedestilleerd water verzadigde condities. Bovendien 

namen de kruip en kruipsnelheid toe met toenemende vloeistof pH. 

Opmerkelijk is dat de complexe, zure oplossingen die AMP en AlCl3 bevatten 

minder effectief waren in het remmen van kruip dan de simpele zure 

oplossingen met dezelfde pH maar zonder chemische toevoeging. De basische 

wasmiddeloplossing, daarentegen, versnelde kruip meer dan de simpele 

oplossing met dezelfde pH. In lijn met deze mechanische trends, liet de 

microstructurele studie van gedeformeerde en ongedeformeerde zandmonsters 

zien dat de algehele korrelgrootte afnam en de haarscheurdichtheid toenam 

met toenemende compactie. In combinatie met de AE activiteit geobserveerd 

tijdens kruip, werd afgeleid dat subkritische breukgroei leidde tot 

tijdsafhankelijke verdichting van de zandaggregaten. Ook in het geval van 

verzadiging van de aggregaten met superkritische waterige media werd 

afgeleid dat subkritische breukgroei het dominante compactieproces was, 
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gegeven de geobserveerde reactie in het kruipgedrag in reactie op 

veranderingen in de waterconcentratie en vloeistof-pH (beide hebben invloed 

op de elektrische lading van kwartsoppervlaktes en beïnvloeden daarmee de 

snelheid van transport naar en adsorptie van corroderende deeltjes op de 

aanzet van haarscheurtjes). De chemische toevoegingen, of additieven, 

verstoorden vermoedelijk de structuur van de vloeistof op het contactvlak, 

waardoor de toegankelijkheid van corrosieve deeltjes tot de punt van scheurtjes 

in de korrels werd vergemakkelijkt, zodat de zure additieven minder succesvol 

waren in het tegengaan van scheurgroei en de basische additieven meer 

succesvol, in vergelijking met de simpele oplossingen met een vergelijkbare pH 

maar zonder toevoeging.  

Hoofdstuk 5 rapporteert vergelijkbare uniaxiale kruipexperimenten, maar 

uitgevoerd op teststukken van Bentheim zandsteen (95% kwarts-houdend). 

Tijdens kruip werd de aangebrachte verticale, effectieve mechanische spanning 

constant gehouden op 35, 75 of 100 MPa. De poriën werden of onder laag-

vacuüm (droge) condities gehouden, of gevuld met gedestilleerd water, 

superkritische N2, sk CO2, waterverzadigde sk N2 (natte N2) of natte sk CO2. 

Daarnaast werden zure, waterige oplossingen, waaronder een HCl oplossing, 

AMP oplossing en AlCl3 oplossing, ook gebruikt. De volgende effecten op 

zandsteencompactie waren geobserveerd: 1) kruip en kruipsnelheden namen 

toe met toenemende aangebrachte mechanische spanning en met toenemende 

porositeit; 2) verzadiging met gedestilleerd water leidde tot meer compactie 

dan onder droge condities; 3) alle superkritische fases hadden een vergelijkbaar 

remmend effect op kruip vergeleken met droge condities; en 4) zure, waterige 

oplossingen remden kruip ten opzichte van gedestilleerd water. 

Microstructurele analyse, uitgevoerd voor en na de experimenten, liet na kruip 

een toename in het aantal scheurtjes op de korrelschaal zien. In combinatie met 

de AE activiteit gemeten tijdens de experimenten werd geconcludeerd dat 

deformatie het resultaat is van het breken van korrels en korrelcontacten, 

gevolgd door herschikking van korrels en korrelfragmenten. Het onderliggende 

proces voor het breken van korrels en/of contacten was waarschijnlijk 

subkritische breukgroei via spanningscorrosie. Waar in laag-vacuüm (droge) 

condities het breken van Si-O verbindingen vermoedelijk werd vergemakkelijkt 

door achterblijvend water op contactvlakken of water geabsorbeerd aan kleien, 
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adsorbeerden de superkritische fases waarschijnlijk het achtergebleven water, 

waardoor scheurtjes droogden en daarmee scheurgroei en kruip geremd 

werden. De negatieve lading van kwartsoppervlaktes, die zich ontwikkelt in 

zure oplossingen, verlaagde vermoedelijke de snelheid van 

contactvlakprocessen tussen de corrosieve waterdeeltjes en scheurtjes, 

waardoor kruip werd geremd ten opzichte van gedestilleerd water.  

In Hoofdstuk 6 worden synergiën tussen gesteentedeformatie-experimenten en 

risicoanalyses geadresseerd door de hoofdlijnen te schetsen van de processen 

die worden doorlopen tijdens de verschillende fases van een ondergronds 

injectieproject. Tijdens de levenscyclus van een injectieproject zouden 

verscheidene risicoanalyses moeten worden uitgevoerd, met een telkens 

toenemend niveau voor detail. Belanghebbenden, uiteenlopend van de 

exploitant, tot onderzoekers van het gedrag van gesteenten en andere 

disciplines, risicomodelleurs, toezichthouders, dienstverlenende bedrijven, niet-

gouvernementele organisaties (NGO’s), en de lokale gemeenschap, hebben een 

rol te spelen. Tijdens de eerste fases van een injectieproject (m.a.w. locatie 

screening en selectie) zullen onderzoekers voornamelijk betrokken worden bij 

bijeenkomsten waar de bijdrage van deskundigen gezocht wordt. Zodra het 

project vordert naar de volgende fases (m.a.w. locatie-karakterisering, -

ontwikkeling en -exploitatie) kan er onderzoek nodig zijn naar 

dreigingsoorzaken, paden voor dreigingverspreiding of -vergroting en de 

effecten op receptoren. Op dit punt kan een sterke samenwerking tussen 

risicomodelleurs en wetenschappers in de gesteentemechanica resulteren in een 

directe integratie van onderzoeksresultaten in risicomodellering. De 

experimentele resultaten gerapporteerd in Hoofdstukken 3 tot en met 5 geven 

kwalitatieve inzichten op de vraag of injectie van bepaalde gassen en 

vloeistoffen wel of niet de waarschijnlijkheid op reservoirdeformatie verhoogd. 

Verder kunnen de resultaten de basis vormen voor verder onderzoek naar de 

effecten van gas- en vloeistofinjectie op het mechanische gedrag van 

zandstenen met het doel om op mechanisme-gebaseerde constitutieve 

vergelijkingen te formuleren – dit viel buiten de omvang van deze studie. Door 

middel van deze constitutieve vergelijkingen kunnen resultaten vanuit het 

laboratorium opgeschaald worden naar de reservoirschaal, zodat de reactie van 

het reservoir op gas- of vloeistofinjectie kan worden beoordeeld in termen van 
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geïnduceerde seismiciteit en bodemdaling op tijdschalen die relevant zijn voor 

injectie en eventueel opslag.  

Ten slotte worden in Hoofdstuk 7 de belangrijkste bevindingen van deze thesis 

samengevat, met daarbij een overzicht van de gevolgen van ondergrondse gas- 

of vloeistofinjectie. Een algemene hoofdconclusie is dat porievloeistofchemie 

een positief of negatief effect kan hebben op het mechanische gedrag van 

kwartzandaggregaten en Bentheim zandsteen onder uniaxiale 

vervormingscondities, die vergelijkbaar zijn met de lateraalbeperkte condities 

die heersen in de ondergrond. Het mechanische gedrag is specifiek afhankelijk 

van de waterconcentratie in het medium en de vloeistof-pH. Het afremmende 

vermogen van zure oplossingen op kruip suggereert dat voor kwartsrijke zand- 

en zandsteenreservoirs reservoircompactie, gedreven door olie- of gas-winning, 

wellicht kan worden beperkt door de aanwezige porievloeistof te verzuren. In 

kleine reservoirs, waar de injectievolumes haalbaar zijn, zou dit kunnen 

worden bereikt door een zure vloeistof of CO2 te injecteren. De injectie van CO2 

heeft het bijkomende voordeel dat de uitstoot van CO2 kan worden verlaagd. 

Aan de andere kant suggereert het versterkende effect van hoge pH milieus op 

kruip dat de injectie van basische vloeistoffen, zoals basisch afvalwater, beter 

vermeden kan worden in kwartsrijke zand- en zandsteenreservoirs. Dit omdat 

deze vloeistoffen reservoircompactie kunnen versnellen en daarmee het risico 

op geïnduceerde seismiciteit en bodemdaling kunnen verhogen. Echter, ook al 

suggereren de experimenten dat gas- of vloeistofinjectie een positief effect kan 

hebben op het mechanische reservoirgedrag, injectie moet altijd voorafgegaan 

worden door een grondige risicoanalyse die aantoont dat het risico van het 

gehele project laag is. 
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1.1 Motivation and scope 

Globally, the effects of climate change due to anthropogenic greenhouse gas 
emissions are becoming apparent (IPCC, 2014) and are starting to significantly 
affect societal and environmental sectors on a national level (e.g. Karl et al., 
2009; Ligtvoet et al., 2013). To mitigate the impact of climate change on society 
and environment, the United Nations Framework on Climate Change 
(UNFCCC) set a long-term goal in the Paris Agreement to limit global mean-
temperature increase to below 1.5 °C (UNFCCC, 2015). This aim requires a 
strong reduction in the emission of greenhouse gasses, such as CO2 and 
methane. One of the pathways to do so is centred around decarbonisation of the 
energy system, by transitioning to carbon-neutral energy sources like biomass, 
solar, wind, and hydro energy, and geothermal energy (Clarke et al., 2014; 
Ellabban et al., 2014; Rogelj et al., 2018). At the same time, low-carbon energy 
sources, such as natural gas, could be coupled to Carbon Capture and Storage 
(CCS) to help provide sufficient energy during the transition to zero-emissions.  

High-carbon coal and oil are expected to phase out by 2040 and 2060, 
respectively (Rogelj et al., 2018). Natural gas, being a low-carbon alternative, is 
likely to contribute to the energy mix for a longer period of time. However, 
prolonged production of natural gas from subsurface reservoirs can result in 
phenomena such as induced seismicity and surface subsidence (Doornhof et al., 
2006; Nagel, 2001; Suckale, 2010). These phenomena have been observed above 
many sand and sandstone gas reservoirs worldwide, including a number of gas 
fields in the Netherlands, such as the smaller fields of Annerveen, Eleveld and 
Roswinkel (Van Eck et al., 2006; Van Eijs et al., 2006), and the giant Groningen 
gas field (Van Thienen-Visser and Breunese, 2015), as well as fields in the Gulf 
of Mexico (Ostermeier, 1995), the Gazli field in Uzbekistan (Simpson and Leith, 
1985), the Ravenna Terra field in Italy (Menin et al., 2008), the Rotenburg field 
in Germany (Dahm et al., 2007) and the Saxet field in Texas, USA (Suckale, 
2010). Seismicity and subsidence are caused by compaction at the reservoir 
level, driven by pore pressure reduction due to production and the concomitant 
increase in effective overburden stress (Figure 1.1a; Doornhof et al., 2006; Nagel, 
2001; Suckale, 2010). Reservoir compaction is partly elastic and recoverable, but 
may in part also be permanent, i.e. inelastic (Pijnenburg et al., 2019, 2018). 

In the Netherlands, induced seismicity and surface subsidence in gas producing 
areas, especially in the north of the country in the vicinity of the Groningen gas 
field, has led to societal unrest (Kester, 2017; Perlaviciute et al., 2017; Van Der 
Voort and Vanclay, 2015). This has led to plans to stop production of the 
Groningen gas field within a few years (Wiebes, 2019). However, to maintain 
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natural gas supply, the government has decided that production from small gas 
fields will likely continue until at least 2050 (Wiebes, 2018). For these small 
Dutch gas fields and other gas fields worldwide, the question arises whether 
options exists to mitigate reservoir compaction, such that the production of 
natural gas may be continued with little or no impact. Conventional methods to 
mitigate reservoir compaction in small volume reservoirs include restoring the 
pore pressure by injection of a high-pressure fluid, such as (waste)water (Figure 
1.1b; Doornhof et al., 2006). Alternatively, permanent compaction could be 
potentially mitigated by regulating the chemical environment within the 
reservoir. In addition, in the transition to a more renewable energy system, 
porous sand and sandstone reservoirs may also be employed for temporary 
energy storage, in the form of hydrogen, synthetic fuels or compressed air (Budt 
et al., 2016; Graves et al., 2011; Mahlia et al., 2014), or the production of 
geothermal energy (Limberger et al., 2018; Shortall et al., 2015). Other forms of 
subsurface storage of fluids aiding the energy transition may include seasonal 
storage of (imported) natural gas, long-term storage of CO2 or disposal of 
wastewater from gas production (Fang et al., 2016; IPCC, 2005; Zoback, 2012). 
However, in all fluid injection operations, it is paramount that the risks of 
seismicity and subsidence, as well as other environmental and geological 
impacts do not increase as a result of fluid injection.  

 

Figure 1.1 Schematic diagram of risks associated with (a) reservoir depletion and pore 
pressure reduction, and (b) subsequent high-pressure fluid injection to restore pore 
pressure. Stars indicate potential fault movement, which could lead to seismicity. Red 
arrows indicate potential leakage pathways, such as along existing well bores, and 
across or along pre-existing faults. 
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In this thesis, I report the results of an experimental study designed to 
investigate the potential for chemical additives to affect quartz sand and 
sandstone mechanical behaviour at relevant in situ stress and temperature 
conditions. This work was performed in the context of an assessment into the 
environmental and geological risks of subsurface fluid injection through a 
review and analysis of risk assessments concerned with the injection of CO2, 
methane, nitrogen and wastewater. The present work of combining 
experimental observations and risk assessment provides a starting point to 
evaluate how and at what stage experimental work can strengthen risk 
assessments conducted over the course of a fluid injection operation.  

 

Figure 1.2 Risk factors of a subsurface fluid injection project and disciplines that need to 
be involved to address these factors, with each risk factor influencing the overlying 
factors. 

1.2 The risks of subsurface fluid injection 

The production of natural gas has been shown to pose a risk through induced 
seismicity and surface subsidence resulting from deformation of the reservoir 
(Doornhof et al., 2006; Nagel, 2001; Suckale, 2010). While fluid injection may 
potentially reduce these risks by reducing the driving force for reservoir 
compaction, fluid injection itself could create hazards for the subsurface, 
environment, health, and safety of people of above ground. This also applies to 
fluid injection related to geothermal energy production and energy or waste 
storage, such as CO2 or wastewater. By changing the state of stress in and 
around the reservoir, fluid injection has the potential to induce earthquakes 
(Ellsworth, 2013; Foulger et al., 2018; Zoback and Gorelick, 2012). In addition, if 
reservoir compaction is elastic, repressurisation may lead to vertical expansion 
of the reservoir, thereby (partly) undoing subsidence by land uplift above the 
reservoir, which could affect the structural integrity of buildings and 
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infrastructure (Teatini et al., 2011b). Furthermore, depending on the type of 
injected fluid, environmental risks could occur in case of leakage of the fluid out 
of the storage container. For example, in the case of CO2 storage, leakage of CO2 
to the atmosphere may negate the climate benefit obtained through geological 
CO2 storage (Deng et al., 2017) or leakage to potable aquifers may impact 
groundwater quality (Harvey et al., 2013; Qafoku et al., 2017). Though much 
research has focussed on investigating the risk of CO2 injection and numerous 
overviews are available that address these risks (e.g. Anderson, 2017; Carroll et 
al., 2016; Damen et al., 2006; Harvey et al., 2013; Ko et al., 2016; Koornneef et al., 
2012; Pawar et al., 2015; Qafoku et al., 2017; Shukla et al., 2010), the risks of 
other fluids typically considered for injection, e.g. hydrogen, natural gas, 
nitrogen and (waste)water, have been studied to a limited extend or not at all. 
In addition, no studies to date have compared the outcome and methodological 
approaches of these risk assessments. Therefore, at present it is unknown if 
different fluids pose similar risks and if the same risk aspects are investigated 
for each fluid. 

To understand the risks associated with fluid injection and to make an informed 
decision on whether fluid injection is the appropriate strategy to mitigate 
reservoir compaction or for sustainable energy production and storage, several 
risk assessments would need to be conducted, whereby risk is defined as the 
product of the consequence(s) of a hazard and the probability of occurring. Risk 
assessment is an integral part of risk management, which is a structured 
processes and consists of 1) problem formulation, 2) risk assessment, 3) options 
appraisal and 4) addressing risk (Gormley et al., 2011). The process is iterative 
and there should be communication between those involved, such that 
learnings from the different steps can be actively integrated. Through this 
integration, the risk management process will move from assessing the  
technological feasibility, through public acceptance, making policy, and 
economic feasibility, to potential safety impacts (Figure 1.2; Gerstenberger et al., 
2009, 2013). The bottom-up approach ensures that for each risk factor the risks 
are clearly identified and addressed prior to injection. Within each step, clear 
roles are recognised for different disciplines. It is the combination of these risk 
factors that ultimately determines the potential of fluid injection as a mitigation 
strategy for reservoir compaction, or as part of renewable energy technologies. 
As the technological feasibility and safety studies cover geological aspects and 
the subsurface movement of the fluid, such as the response of the reservoir, 
caprock and faults to fluid injection, and the transport properties of potential 
leakage pathways, there is a role here to be played by geosciences. Rock 
deformation experiments may be employed to understand and quantify the 
impact of subsurface fluid injection on reservoir behaviour, which can then 
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narrow down the focus of risk assessment. However, currently it is unclear how 
experimental results would be integrated in such an assessment and what input 
is needed to substantiate the assessment, such that potential risks are better 
understood and uncertainty is reduced. 

1.3 The impact of subsurface fluid injection on the grain-scale 

mechanisms controlling reservoir deformation 

Production-induced reservoir compaction results from the reduction in pore 
pressure (��) relative to the constant overburden stress (��), which increases the 
effective vertical stress (��,��� = �� − ��) acting on the load-bearing framework 
of the reservoir rock (Terzaghi, 1943). The increase in effective stress leads to a 
direct poro-elastic response of the reservoir rock resulting in elastic deformation 
(Santarelli et al., 1998; Wang, 2000), as well as permanent or inelastic 
deformation of the reservoir rock, producing both time-independent and time-
dependent (creep) compaction (Bernabé et al., 1994; Doornhof et al., 2006; 
Nagel, 2001; Pijnenburg et al., 2018; Shalev et al., 2014). Under upper crustal 
conditions (up to 5 km depth and 150 °C), the activation of a range of inelastic 
grain-scale processes could lead to permanent deformation (Spiers et al., 2017). 
Grains and cemented grain contacts can fail by equilibrium or subcritical crack 
growth (Atkinson and Meredith, 1981; Brantut et al., 2012; Brzesowsky et al., 
2014a, 2014b; Pijnenburg et al., 2018). As a result, grains or grain fragments can 
slide, rotate and rearrange, resulting in compaction (Bernabé et al., 1994; 
Chuhan et al., 2003; Menéndez et al., 1996; Mesri and Vardhanabhuti, 2009). In 
case grain-to-grain contacts are coated by clay films, these intergranular clay 
films may compact and/or dewater in response to the increased contact stress 
(Pijnenburg et al., 2019; Zhang et al., 2018). Moreover, in highly stressed grain 
contacts, stress-driven mass transfer processes, such as pressure solution, may 
lead to compaction (Dewers and Hajash, 1995; Gratier et al., 2009; Lehner, 1990; 
Rutter, 1983; Schutjens, 1991; Spiers et al., 2004). The rate of these processes, e.g. 
the rate of grain failure, fluid desorption or contact dissolution, will control the 
rate of compaction. However, in addition to these processes being stress-
dependent and thermally activated, their rates are also influenced by the 
chemical environment. In chemically active environments, subcritical crack 
growth typically occurs via stress corrosion cracking, which is dependent on 
pore fluid chemistry, such as pH and cation content (Atkinson and Meredith, 
1981; Dove, 1995) and may therefore be impacted by fluid injection. 
Furthermore, chemical disequilibrium between the injected fluid and the grains 
and cement can induce mineral dissolution-precipitation reactions (Dove, 1999; 
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Hajash et al., 1998). While poro-elastic deformation is recoverable and can 
relatively easily be predicted (Wang, 2000), permanent deformation, and 
particularly creep, are not, making long-term predictions of compaction 
uncertain (Mossop, 2012) and the evaluation of associated risks of induced 
seismicity and surface subsidence difficult and highly uncertain.   

To mitigate reservoir compaction, injection of a (pressurised) fluid into the 
reservoir is typically employed. By restoring the pore pressure to levels slightly 
below the pore pressure before depletion, the effective vertical stress acting on 
the reservoir rock is reduced again, allowing for an elastic rebound of the 
reservoir and lowering the driving force for permanent reservoir compaction. 
During and after injection, the pore pressure should remain well below the 
original pore pressure to prevent fault reactivation and the creation of fractures 
(Ellsworth, 2013; Suckale, 2010). Modelling efforts have also shown that if most 
of the production-induced reservoir compaction is elastic, pressure restoration 
can have a stabilising effect on faults. However, if permanent deformation 
strongly affects the in situ stress evolution during depletion, repressurisation 
may lead to unwanted induced seismicity, even at pore pressures below the 
original conditions (TNO, 2015a, 2014). Fluid injection as a mitigation strategy 
was successfully applied in the Wilmington field in California, USA, where 
injection of water into the reservoir led to an elastic reservoir and surface 
rebound of approximately 30 cm (Colazas and Strehle, 1995). Other fluids that 
could be considered for pressure restoration are CO2, nitrogen and wastewater 
(Bachu and Gunter, 2005; Suckale, 2009). 

In addition to pressure restoration, permanent reservoir compaction could be 
influenced by regulating the chemical environment, thereby inhibiting 
chemically coupled grain-scale deformation processes, such as stress corrosion 
cracking (Atkinson and Meredith, 1981; Dove, 1995) and mass transfer 
processes (Dewers and Hajash, 1995; Gratier and Guiguet, 1986; Hajash et al., 
1998). It has been shown that the deformation of quartz sands and sandstone is 
strongly influenced by the chemical environment. For example, water-saturated 
quartz sand aggregates compact more easily than their dry counterparts 
(Brzesowsky et al., 2014a; Hangx et al., 2010a) and compaction creep rates are 
accelerated (Brzesowsky et al., 2014a; Chester et al., 2007, 2004; Hangx et al., 
2010a). In addition, creep is inhibited in acidic environments compared to 
distilled water, while it is enhanced in strongly alkaline environments (Hangx 
et al., 2010a). Furthermore, enhanced compaction and creep is observed in the 
presence of fluids containing cations, such as Na+ (Brzesowsky et al., 2014a). 
Under low temperature conditions (below 150 °C), compaction is typically 
associated with grain breakage (Menéndez et al., 1996; Mesri and 
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Vardhanabhuti, 2009; Zhang et al., 1990) aided by fluids through enhanced 
bond breakage. This explains the similarities between the pH- and cation-
sensitivity seen for quartz grain breakage and grain dissolution, as both 
processes involve Si-O bond rupture (Atkinson and Meredith, 1981; Dove, 1999, 
1995; Dove and Nix, 1997; Iler, 1973; Scholz, 1972).  

Water-weakening has also been observed for sandstones, where the failure 
strength decreases and compaction creep rates increase in water-saturated 
samples compared to dry ones (Baud et al., 2006; Brantut et al., 2013; Duda and 
Renner, 2013; Hadizadeh and Law, 1991; Heap et al., 2018; Ojala et al., 2003; 
Peksa et al., 2015; Reviron et al., 2009; Rutter and Mainprice, 1978; Wasantha et 
al., 2018). These experimental results suggest that it may be possible to control 
the rate of reservoir compaction through regulating the pore fluid chemistry. 
However, the technical challenges associated with performing compaction 
experiments at elevated temperature and using more complex fluid 
compositions means that available data is limited.  

Insight into potential mitigation agents may be gained from compaction 
experiments conducted at in situ conditions on reservoir rock or analogue 
material. Though, compaction creep experiments performed on quartz sand 
aggregates revealed that creep is inhibited in acidic environments relative to 
distilled water (Hangx et al., 2010a), a systematic study on the effect of pore 
fluid pH on creep, i.e. time-dependent, compaction of sand is lacking. In 
addition, the impact on mechanical behaviour by other fluids, such as CO2, 
nitrogen and wastewater, or fluid additives, such as scaling inhibiters used in 
water treatment facilities (Knepper, 2003) and geothermal energy production 
(Finster et al., 2015), has not been investigated previously. Furthermore, 
research on sandstone has mainly investigated deformation behaviour under 
either dry or water/brine-saturated conditions (Baud et al., 2006; Brantut et al., 
2013; Duda and Renner, 2013; Hadizadeh and Law, 1991; Heap et al., 2018; 
Ojala et al., 2003; Peksa et al., 2015; Reviron et al., 2009; Rutter and Mainprice, 
1978; Wasantha et al., 2018), while the effects of other chemically active fluids 
on sandstone strength and creep behaviour remain limited (Hangx et al., 2013; 
Le Guen et al., 2007; Major et al., 2018; Rathnaweera et al., 2015). 

1.4 The energy transition and subsurface fluid injection: the 

impact of short-term storage 

Decarbonisation of the energy system builds upon the implementation and 
upscaling of various sustainable energy technologies, including biomass, solar, 
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wind and hydro energy, and geothermal energy, as well as the use of low-
carbon fossil-fuels such as natural gas in combination with geological storage of 
CO2 (Clarke et al., 2014; Rogelj et al., 2018). These technologies provide new 
opportunities for the use of porous subsurface reservoirs, particularly depleted 
hydrocarbon reservoirs. Intermittent energy sources, such as solar and wind, 
produce a variable amount of electricity, which may be more than the electricity 
demand, such that the produced power needs to be stored temporarily (Mahlia 
et al., 2014). To enhance their storage potential and increase discharge time, the 
surplus electricity may be used to compress air (Budt et al., 2016), or create 
synthetic (Graves et al., 2011) or hydrogen fuel (Tarkowski, 2019), which can 
then be injected and stored in depleted hydrocarbon reservoirs. By contrast, 
during geothermal energy production, cold fluid is injected into hot reservoirs 
to extract subsurface heat for heating or electricity production (Limberger et al., 
2018; Shortall et al., 2015). Lastly, CCS involves the capturing of CO2 at point 
sources (e.g. power plants), followed by injection of the captured CO2 into 
depleted hydrocarbon reservoirs or aquifers for long-term storage to mitigate 
climate change (IPCC, 2005). In addition,  through Carbon Capture and 
Utilisation (CCU), short-term storage of CO2 could be beneficial for the 
production of synthetic fuels (Graves et al., 2011).  

The cyclic injection of cold fluid in chemical-disequilibrium with the storage 
complex may lead to rock damage and induced reservoir compaction. 
Temperature differences between the injected fluid and the receiving reservoir 
may impact the stress field in and around the reservoir (Nguyen et al., 2016b; 
Segall and Fitzgerald, 1998) and affect any thermally-activated grains-scale 
deformation processes, such as microcracking (Atkinson, 1979; Heap et al., 
2009a) and mass transfer processes (Renard et al., 1997). In addition, these 
processes are also chemically-coupled such that chemical-disequilibrium could 
potentially enhance or inhibit these processes (Atkinson and Meredith, 1981; 
Gratier and Guiguet, 1986). Depending on the permeability of the reservoir and 
faults therein, (local) pore pressure build-up could affect the (local) stress field 
through poro-elastic effects (Santarelli et al., 1998; Wang, 2000), which in turn 
may lead to induced seismicity.  

For seasonal storage of energy, instantaneous or short-term effects of fluids on 
the mechanical behaviour of the reservoir may be of particular interest, because 
of the relatively rapid (cyclic) changes in the state of stress. The effect of 
changing stress state on short-term quartz sand compaction has been studied in 
single-stage loading experiments, conducted predominantly in dry (Chuhan et 
al., 2003, 2002; Hagerty et al., 1993; Mesri and Vardhanabhuti, 2009; Nakata et 
al., 2001a, 2001b; Wang et al., 2011; Yamamuro et al., 1996) or occasionally in 
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water-saturated environments (DeJong and Christoph, 2009; Yamamuro et al., 
1996). In addition, quartz sand compaction under cyclic stress conditions has 
been investigated in stress-cycling experiments under both dry and fluid-
saturated conditions (Brzesowsky et al., 2014b; Chong and Santamarina, 2016; 
Monismith et al., 1975; Park and Santamarina, 2018; Sawicki and Swidzinski, 
1995; Wichtmann et al., 2005), though the effect of chemical environment was 
not systematically studied. Additionally, the stress range investigated was often 
too low to be representative of typical shallow crustal conditions (i.e. up to 100 
MPa or 5 km depth), being too low to drive key grain-scale mechanisms for 
inelastic deformation, such as grain breakage (Brzesowsky et al., 2011; Zhang et 
al., 1990).   

1.5 Aims of this study 

From the preceding considerations, it is clear that assessment of the short- and 
long-term impact of fluid injection for mitigation of production-induced 
phenomena, or for the use of the subsurface during the energy transition, 
requires assessment of the geological and environmental risks associated with 
fluid injection in general, as well as investigating the impact of pore fluid 
chemistry on reservoir behaviour, both under cyclic and constant stress 
conditions, in the context of fluid injection for the mitigation of reservoir 
compaction, energy production and storage, or other geological storage 
applications. Accordingly, the aims of this study are formulated as follows: 

1. To analyse and compare the known environmental and geological risks 
of fluid injection into depleted hydrocarbon reservoirs, and to evaluate 
and compare the assessment approaches, such that knowledge gaps 
may be identified. 

2. To study the effect of cyclic loading on the elastic and inelastic 
compaction of quartz sand aggregates at in situ stress and temperature 
conditions (below 100 MPa, 80 °C). 

3. To systematically investigate the effect of pore fluid pH on the short- 
and long-term elastic and inelastic compaction behaviour of quartz 
sand aggregates at in situ stress and temperature conditions (below 100 
MPa, 80 °C). 

4. To analyse the effect of fluids typically considered for fluid injection, 
including CO2 and nitrogen, as well as solutions containing additives, 
such as scaling inhibitor and detergent, on the compaction behaviour of 
sands and sandstone at in situ stress and temperature conditions 
(below 100 MPa, 80 °C). 
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5. To identify synergies between rock deformation experiments and risks 
assessment related to subsurface fluid injection. 

Chapter 2 encompasses a review and analysis of risk assessments conducted on 
four fluids typically injected in depleted hydrocarbon reservoir, including CO2, 
methane, nitrogen and wastewater (Aim 1). Chapter 3 presents stress-cycling 
experiments on quartz sand aggregates conducted using pore fluids in the pH-
range 1 to 14, addressing the effect of cyclic loading and the short-term effect of 
pore fluid pH on the mechanical behaviour of sand (Aims 2 and 3). The long-
term compaction behaviour of quartz sand aggregates in response to fluid 
injection is the focus of Chapter 4, which presents uniaxial (oedometer) 
compaction creep experiments on quartz sand aggregates to investigate the 
effect of supercritical fluids, simple aqueous solutions and aqueous solutions 
containing additives (Aims 3 and 4). Chapter 5 reports compaction creep 
experiments conducted on samples of Bentheim sandstone, employing the 
creep inhibiting environments identified in Chapters 3 and 4 (Aim 4). In 
Chapter 6, it is described how risk management may be applied during a fluid 
injection operation, which gives the opportunity to outline synergies between 
experimental work and risk assessment (Aim 5). The thesis closes with Chapter 
7, in which general conclusions and suggestions for future research are listed.  
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Abstract 

Natural gas is an important low-carbon geo-resource for sustaining future 

energy demand. However, production is currently impeded by the negative 

effects of reservoir compaction, i.e. induced seismicity and surface subsidence. 

Fluid injection into producing or depleted hydrocarbon reservoirs is one of the 

strategies to mitigate compaction, though it may introduce other negative 

consequences. This study aims to identify lessons and potential knowledge 

gaps on the causes and mechanisms of consequences of such injection 

operations. An overview of the environmental and geological hazards and risks 

is developed by examining literature on four commonly injected fluids, i.e. CO2, 

methane, nitrogen and wastewater. The well-recognised hazards are leakage, 

reservoir deformation and induced seismicity, which have consequences for 

several environmental receptors, e.g. the atmosphere, surface sediments and 

water, subsurface resources and groundwater. Generally, in defining the risk, 

there is a consensus on the probability of hazards occurrence, while a lack of 

knowledge on the hazard impacts exists. The assessment approaches analysis 

also indicates that consequence magnitude evaluations and comparisons to 

thresholds are often missing from the risk assessments. For all examined 

injection fluids, knowledge on hazard occurrence, hazard exposure and 

receptor affectability is insufficient. Furthermore, in complex subsurface 

systems with high uncertainty, more insight in the probability of multiple 

hazards occurrence and the corresponding cumulative risks is needed.  
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2.1 Introduction 

Natural gas serves as a low-carbon alternative to coal and oil and plays an 

important role in the sustainable energy transition (IEA, 2016). However, 

adverse effects of the subsurface activities regarding natural gas exploitation 

have been widely recognised. Induced seismicity and surface subsidence are 

observed worldwide above producing and depleted reservoirs (Dahm et al., 

2007; Menin et al., 2008; Simpson and Leith, 1985; Suckale, 2010; Van Eijs et al., 

2006; Van Thienen-Visser and Breunese, 2015). These adverse effects can 

damage the natural and built environment, and consequently, hinder the 

sustainable exploitation of geo-resources.  

Induced seismicity and surface subsidence are typically related to production-

induced compaction of the reservoir rock (Spiers et al., 2017). A potential 

strategy to reduce the risk of natural gas production is to mitigate reservoir 

compaction by injecting pressurised fluids into the producing or depleted 

reservoir (Teatini et al., 2011b). The effect of injection is twofold. Firstly, the 

pore pressure in the reservoir is restored, which reduces the effective stress 

acting on the reservoir rock (Terzaghi, 1943; Wang, 2000). This allows for poro-

elastic rebound of the reservoir and surface, though any permanent compaction 

which may have developed during depletion is not counteracted. In addition,  

the mechanical driving force for permanent and time-dependent (creep) 

deformation is reduced (Doornhof et al., 2006; Nagel, 2001). Secondly, injection 

of a novel fluid changes the chemical environment within the reservoir. Pore 

fluid chemistry affects the processes causing creep in compaction experiments 

on sand aggregates (Brzesowsky et al., 2014a; Chester et al., 2007; Hangx et al., 

2010a) and sandstones (Hu et al., 2018, 2017) and is therefore expected to 

influence compaction at the reservoir scale. Injection of a fluid with suitable 

properties can mitigate reservoir compaction both mechanically and chemically.  

In addition to mitigating reservoir compaction, fluid injection into hydrocarbon 

reservoirs is applied worldwide for different purposes. CO2 and wastewater are 

injected for permanent waste storage (Keranen et al., 2013; Lei et al., 2013; 

Ringrose et al., 2013; Underschultz et al., 2011). Methane is injected for 

temporary storage to meet seasonally fluctuating energy demands (Fang et al., 

2016; Juez-Larré et al., 2016). Injection is also widely applied in enhanced oil 
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recovery (EOR) where fluids, such as CO2 and nitrogen, steam, and chemically 

active fluids, are injected to decrease the viscosity and mobility of oil (Bai et al., 

2017; Guzmann, 2014; Shik Han et al., 2010; Whittaker et al., 2011). However, 

these subsurface activities are not free of environmental and geological impacts 

(Gill and Malamud, 2017; Liu and Ramirez, 2017). For example, leakage of the 

stored substance may affect climate (Deng et al., 2017) or potable aquifers 

(Harvey et al., 2013; Qafoku et al., 2017), while stress changes within the earth 

have the potential to induce earthquakes (Ellsworth, 2013; Foulger et al., 2018; 

Suckale, 2010; Zoback and Gorelick, 2012).  

These risks are thoroughly analysed in studies on CO2 injection, resulting in 

multiple risk assessments and numerous risk overviews (Anderson, 2017; 

Carroll et al., 2016; Condor et al., 2011; Damen et al., 2006; Deng et al., 2012; 

Harvey et al., 2013; Ko et al., 2016; Koornneef et al., 2012; Pawar et al., 2015; 

Qafoku et al., 2017; Shukla et al., 2010). However, similar overviews are not 

available for other fluids commonly injected, such as nitrogen, methane or 

wastewater. As risks may differ per injection fluid, the full scope of the hazards 

and risks of fluid injection into hydrocarbon fields is unknown. In addition, to 

the best of authors’ knowledge, no comparison has been made on either method 

applications or assessment results. Such a comparison is necessary to identify 

lessons learned and knowledge gaps, and to allow knowledge transfer, which 

may also help to identify ‘black swan’ events, i.e. low probability or unexpected 

events with potentially a high impact (Aven, 2015; Taleb, 2008). Identifying and 

comparing injection risks of multiple fluids facilitates the decision making 

process of whether fluid injection is a safe strategy to mitigate reservoir 

compaction.  

The objective of this study is to develop qualitative overview of environmental 

and geological risks of fluid injection into hydrocarbon reservoirs. This is done 

by reviewing the existing literature on CO2, methane, nitrogen and wastewater 

injection for hazards and risks. The resulting logic tree is validated in an expert 

workshop. In addition, risk assessment methods applied in the existing 

literature are critically analysed. Lastly, hazards, risks and assessment methods 

for the different fluids are compared to identify lessons learned and knowledge 

gaps. 
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2.2 Methodology 

A systematic approach was developed for this study and involved the 

following steps: 1) formulating research scope; 2) critically selecting literature; 

3) reviewing literature; 4) validating the results in an expert workshop; and 5) 

identifying lessons learned and knowledge gaps. 

 Research scope 2.2.1

This study aimed to map the environmental and geological risks of fluid injection 

into producing or depleted hydrocarbon reservoirs. Operational and 

economical risks were excluded. In addition, injection into saline aquifers or 

other subsurface storages was omitted, as injection will result in a net increase 

in the pore pressure, representing a different scenario. Four fluids were 

selected, i.e. CO2, methane, nitrogen and wastewater, as they are already 

injected into hydrocarbon reservoirs in both pilot projects and at industrial 

scale, and studies are available on the targeted research topic.   

 Literature selection 2.2.2

The formulated research scope was applied as a primary criterion for the 

literature selection. In addition, the following criteria were also applied: 

literature is written in English, published between 2007 and 2017, and went 

through a peer-reviewed process, i.e. also including internally reviewed reports 

and conference proceedings. The resulting selection contained a large number 

of studies on CO2 and methane injection. The final number of studies per 

injection fluid was balanced and determined by filtering for studies of a 

quantitative nature, while ensuring the selection covered a wide range of 

environmental and geological issues. The final selection included eleven studies 

on CO2 injection (Apps et al., 2010; Ayash et al., 2009; Ferronato et al., 2010; 

Karimnezhad et al., 2014; Oldenburg et al., 2011; Pawar et al., 2016; Rutqvist et 

al., 2014; Soltanzadeh and Hawkes, 2012; Tambach et al., 2015; Viswanathan et 

al., 2008; Zheng et al., 2012), nine on methane (Baciu et al., 2008; Ingraffea et al., 

2014; Khaksar et al., 2012; Orlic et al., 2013; Schout et al., 2017; Tang et al., 2013; 

Teatini et al., 2011a; Tenthorey et al., 2013; Zheng et al., 2017), two on nitrogen 

(NAM, 2016a; TNO, 2015b) and six on wastewater (Akob et al., 2016; Andričević 

et al., 2009; Goebel et al., 2016; NAM, 2016b, 2016c; Weingarten et al., 2015). In 
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general, less literature was available on nitrogen and wastewater injection. The 

uneven distribution of literature did not allow making a statistical analysis of 

the results. 

 Literature review 2.2.3
The focus of the literature review was threefold. Firstly, the environmental and 

geological hazards of fluid injection were collected and formatted into bow-tie 

like look-up tables. These tables are fluid specific and explicitly show hazards, 

causes, receptors, consequences, and literature sources. The fluid specific results 

were combined into a logic tree on fluid injection in general. Secondly, hazard-

receptor combinations were derived from the logic tree and the literature was 

reviewed to determine qualitative risks for these combinations. This was done 

by evaluating the hazard probability and consequence impact based on values 

derived from the literature. Thirdly, risk assessment approaches used in the 

selected literature were analysed, including the applied risk assessment stages 

and assessment methods.  

 Results validation via expert workshop 2.2.4
The logic tree on fluid injection was validated in an expert workshop. The 

workshop participants were selected from a broad range of backgrounds (e.g. 

environmental and energy sciences, and geology, etc.) and were working in 

academia or industry (see Appendix 2.A). The logic tree was presented in the 

workshop and the participants evaluated the map in terms of 1) correctness, i.e. 

whether elements in the logic tree were valid and the posed relations between 

causes, hazards and consequences were correct, and 2) completeness, i.e. 

whether elements were missing or surplus. Afterwards, the logic tree was 

adjusted accordingly. 

 Lessons learned and knowledge gaps identification 2.2.5

Lessons learned and potential knowledge gaps of fluid injection into 

hydrocarbon reservoirs were identified by comparing the hazard look-up 

tables, risks of hazard-receptor combinations, and assessment approaches. In 

addition, feedback from the expert workshop contributed to the process of 

knowledge gap identification.   
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2.3 Hazards of fluid injection 

For each fluid, the literature review resulted in an overview of the hazards of 

injection. CO2 leakage, reservoir deformation and induced seismicity were 

recognised as hazards in the literature on CO2 injection (Table 2.1). The same 

hazards were described in the literature on methane injection (Table 2.2). The 

literature on nitrogen injection only considered induced seismicity (Table 2.3), 

while leakage and induced seismicity was the focus of the wastewater injection 

literature (Table 2.4). The results of the different fluids were combined into a 

general logic tree (Figure 2.1).  

 Causes for leakage 2.3.1

2.3.1.1 Well failure 

The wellbore connects the reservoir to the surface and is encased in steel and 

cement that prevent the fluid injected or produced from spreading into layers 

overlying the reservoir, including aquifers. After injection or production is 

completed, the well is abandoned and plugged with cement to seal the 

wellbore. In case of well failure, the barrier function is defective, such that 

fluids in the reservoir can escape through the wellbore. Seven categories for 

well failure are identified, including blowout, cement dissolution, diffusion, 

fracture formation, inadequate cementation, matrix flow and micro-annulus 

formation (CO2 and methane literature; Tables 2.1 and 2.2; Figure 2.1).  

The first category, well blowout, is an abrupt and uncontrollable release of the 

stored substance through the well to the surface or any location along the well 

trajectory (Schout et al., 2017). Dissolution can affect the cement that plugs or 

encases the wellbore, however, dissolution were rarely observed in wellbore 

cement exposed to CO2 (Viswanathan et al., 2008). Alternatively, the stored 

substance can diffuse through the cement, reaching up to 3.8 cm in 100 years 

and leaving a reaction tail with dissolved portlandite and precipitated calcite 

(Tambach et al., 2015). Flow through the cement matrix can also be a 

consequence of a poor cement quality (Ingraffea et al., 2014; Viswanathan et al., 

2008). In addition, inadequate cementation can lead to open annular regions 

through which fluids may migrate (Ingraffea et al., 2014; Viswanathan et al., 

2008). Pressure and temperature fluctuations during injection or production can 
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create fractures in the cement and micro-annuli between the cement and steel 

casing (Ingraffea et al., 2014; Viswanathan et al., 2008). These fractures can 

connect to form a network for fluid flow.  

2.3.1.2 Fluid migration 

Fluid migration to outside the hydrocarbon reservoir is nominally prevented by 

the reservoir structure, the presence of a caprock and impermeable faults. 

However, in some cases a mix of permeable and impermeable layers surrounds 

the reservoir that could allow lateral and vertical flow (wastewater literature; 

Table 2.4; Figure 2.1). Wastewater leakage through randomly distributed 

permeable sandstone (75%) and impermeable marl (25%) was found to spread 

laterally and vertically up to 500 m and 150 m, respectively, in 100 years 

(Andričević et al., 2009). In addition, fluid migration can occur when the 

reservoir is filled to its spill point, i.e. the structurally lowest point in a 

hydrocarbon trap. From this point the reservoir fluids can migrate into the 

sideburden and underburden. Alternatively, the stored fluid can dissolve into 

fluid flows along the bottom of the storage reservoir and get transported 

elsewhere. 

2.3.1.3 Permeable fault 

Some faults are natural conduits, potentially connecting deep reservoirs to the 

overburden, such as aquifers or shallow sediments. As a result, stored, buoyant 

fluids can diffuse through the fault, accumulate in the overburden and spread 

lateral (methane literature; Table 2.2; Figure 2.1). Field measurements in 

Romania (Baciu et al., 2008) and China (Tang et al., 2013) provided evidence for 

the existence of natural seepage zones in faulted areas. To illustrate, methane 

concentrations in soil gas samples from unfaulted areas increased from 2 mg/m3 

at the surface to 2.5 mg/m3 at 1.5 m depth, while methane concentration in 

faulted areas increased to 4 mg/m3 (Tang et al., 2013). The existence of naturally 

permeable faults is a site specific characteristic that depends on the local 

geology.  
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Table 2.1 Hazards of CO2 injection and associated literature 

Underlying cause Cause Hazard Receptor Primary consequence Secondary consequence 
• Fault reactivation (3, 8) • Temporary 

conduit (3, 8) 
Leakage Atmosphere • Release of CO2 (6, 10)  

• Cement dissolution (10) 
• Diffusion (9) 
• Fracture formation (10) 
• Inadequate cementation (6, 

10) 
• Matrix flow (10) 
• Micro-annulus formation 

(10) 

• Well failure (5, 6, 
9, 10) 

Subsurface 
resources 

• Contaminate (5) • Affect resource quality 
(5) 

• Diffusion (9) 
• Fracture formation (3, 4, 5, 

8) 
• Displacement via reservoir 

deformation (4) 

• Caprock failure (3, 
4, 5, 8, 9) 

Groundwater • Decrease pH (1, 6, 11) 
• Contaminate (5, 10) 
• Increase TDS (6, 11) 
• Mobilise hazardous trace 

elements (1, 11) 

• Affect groundwater 
quality (1, 5, 11) 

• Poro-elastic response (3, 4) • Reservoir 
expansion (3, 4) 

Reservoir 
deformation 

Surface • Displacement (3) • Damage buildings and 
infrastructure (3) 

• Damage environment (3) 
• Effective stress change (2, 3, 

7, 8) 
• Poro-elastic response (3, 7, 

8) 

• Fault reactivation 
(2, 3, 7, 8) 

Induced 
seismicity 

Surface • Ground shaking (7) • Damage buildings and 
infrastructure (7) 

• Nuisance to human (7) 

Note. 1. (Apps et al., 2010); 2. (Ayash et al., 2009); 3. (Ferronato et al., 2010); 4. (Karimnezhad et al., 2014); 5. (Oldenburg et al., 2011); 6. (Pawar et 

al., 2016); 7. (Rutqvist et al., 2014); 8. (Soltanzadeh and Hawkes, 2012); 9. (Tambach et al., 2015); 10. (Viswanathan et al., 2008); 11. (Zheng et al., 

2012). 
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2.3.1.4 Caprock failure 

The caprock is a low permeability layer that seals off the top of the reservoir 

and prevents fluids from migrating upwards. If the caprock fails, leakage 

pathways are created due to capillary sealing failure, diffusion, caprock 

dissolution or fracture formation (CO2, methane and wastewater literature; 

Tables 2.1, 2.2 and 2.4; Figure 2.1). Capillary sealing failure means that locally 

the pore pressure exceeds the capillary force of the caprock such that the 

injected fluid can penetrate the caprock. Generally a pore fluid pressure far 

greater than the pore pressure prior to depletion is required to exceed the 

capillary force (Zheng et al., 2017).  

The caprock also interacts chemically with the stored fluid via diffusion and 

dissolution. CO2 can diffuse 6.4 m into caprock in 100,000 years, which is minor 

compared to the total caprock thickness (Tambach et al., 2015). Maximum 

dissolution of a halite-rich caprock occurs when the injected fluid is free of 

halite and becomes fully saturated with time. Full saturation of injected 

wastewater occurred after 8,000-73,000 years, depending on reservoir 

permeability, which required less than 0.5% of the total caprock volume to 

dissolve (NAM, 2016c).  

Lastly, injection into a reservoir induces stress and temperature changes in both 

the reservoir and caprock. This may lead to the formation of tensile and shear 

fractures that can form a leakage pathway if connected (Ferronato et al., 2010; 

Karimnezhad et al., 2014; Khaksar et al., 2012; Oldenburg et al., 2011; 

Soltanzadeh and Hawkes, 2012; Zheng et al., 2017). In the reviewed studies, 

fracture formation was found to be unlikely, as pore pressures of 22 MPa and 

20.7 MPa were needed to induce tensile and shear fracturing, respectively, 

which were well above the intended injection pressure of 11 MPa (Khaksar et 

al., 2012). However, these findings are extremely site specific and depend on the 

local geology, stress field, rock properties, injection strategy, etc. 
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Table 2.2 Hazards of methane injection and associated literature 

Underlying cause Cause Hazard Receptor Primary consequence Secondary consequence 
 • Permeable fault (12, 

17)  
Leakage Atmosphere • Release of methane and 

associated gasses (14, 17)  
 

• Blowout (16)  
• Fracture formation (14)  
• Inadequate cementation 

(14)  
• Matrix flow (14)  
• Micro-annulus formation 

(14)  

• Well failure (14, 16)  Groundwater • Increase pH (16)  
• Change redox conditions (16)  
• Contaminate (14, 16)  

• Affect groundwater 
quality (16)  

• Capillary sealing failure 
(20)  

• Fracture formation (13, 19, 
20)  

• Displacement via reservoir 
deformation (19)  

• Caprock failure (13, 
19, 20)  

Surface • Build-up of methane (12, 14, 
16)  

• Asphyxiation (12, 16)  
• Explosion (12, 14, 16)  
• Fire (12)  
• Damage buildings and 

infrastructure (12)  

• Fault reactivation (13, 19, 
20)  

• Temporary conduit 
(13, 19, 20)  

• Poro-elastic response (18, 
19)  

• Reservoir 
compaction (18, 19)  

Reservoir 
deformation 

Surface • Displacement (18, 19)  • Damage buildings and 
infrastructure (18)  

• Damage environment 
(19)  

• Poro-elastic response (18, 
19)  

• Reservoir expansion 
(18, 19)  

• Effective stress change (13, 
15, 19)  

• Poro-elastic response (13, 
15, 19)  

• Thermal stress change (15)  

• Fault reactivation 
(13, 15, 19, 20)  

Induced 
seismicity 

   

Note. 12. (Baciu et al., 2008); 13. (Khaksar et al., 2012); 14. (Ingraffea et al., 2014); 15. (Orlic et al., 2013); 16. (Schout et al., 2017); 17. (Tang et al., 

2013); 18. (Teatini et al., 2011a); 19. (Tenthorey et al., 2013); 20. (Zheng et al., 2017). 
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 Consequences of leakage 2.3.2

2.3.2.1 For the atmosphere 

Leakage to the atmosphere releases stored and associated gasses (CO2 and 

methane literature; Tables 2.1 and 2.2; Figure 2.1). Release of these gasses can 

affect the air quality. Direct leakage via an open wellbore would release 

approximately 50,000 and 150,000 tonnes CO2 over 200 and 1,000 years, 

respectively, which is a small fraction of the total injected fluid (250 million 

tonnes) (Pawar et al., 2016). Indirect leakage, where the leaked fluid first arrives 

at a shallow aquifer and subsequently migrates to the atmosphere, leads to 0.5 

ppm CO2 release over 50 years (Viswanathan et al., 2008). 

2.3.2.2 For the surface environment 

Fluids that leak from the storage reservoir can reach the surface and affect 

surface sediments by changing the redox conditions and the microbial 

communities living in the sediment (wastewater literature; Table 2.4; Figure 

2.1). Investigation of sediment quality upstream, downstream and adjacent to a 

wastewater injection site revealed that the adjacent and downstream locations 

were marked by elevated Fe(III) concentration that indicated a change in redox 

conditions, while this was lacking in the upstream locations (Akob et al., 2016). 

In addition, the microbial diversity was reduced in these sediments. These 

changes affected the sediment quality and its function in the biochemical 

nutrient cycling and ecosystem.  

Table 2.3 Hazards of nitrogen injection and associated literature 

Underlying 
cause 

Cause Hazard Receptor Primary 
consequence 

Secondary 
consequence 

• Effective 
stress change 
(21, 22)  

• Poro-elastic 
response (21, 
22) 

• Stress field 
change (22) 

• Thermal 
stress change 
(22)  

• Fault 
reactivation 
(21, 22)  

Induced 
seismicity 

Surface • Ground 
shaking (21)  

• Damage 
buildings and 
infrastructure 
(21) 

• Injury (21) 
• Nuisance to 

human (21) 

Note. 21. (NAM, 2016a); 22. (TNO, 2015b). 
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As a result of leakage, fluid injected can emerge in surface waters (wastewater 

literature; Table 2.4; Figure 2.1). As introduced before, the analysis of surface 

waters upstream, downstream and adjacent to a wastewater injection site 

established that several changes occurred in the adjacent and downstream 

water compared to upstream (Akob et al., 2016). An increase in non-volatile 

dissolved organic carbon (NVDOC) was observed and the total dissolved solids 

(TDS) increased from 100 μs/cm to 400 μs/cm. Elevated concentration of 

inorganic constituents were observed, e.g. total iron concentration increased 

from 0.13 mg/L to 8.1 mg/mL, while the lithium concentration was six times the 

background value. These consequences affected the surface water quality.  

In addition, leaked fluids (especially gaseous phases) can impact the surface 

infrastructure when they build-up in confined places (methane literature; Table 

2.2; Figure 2.1). Studies on methane reported several consequences due to 

methane build-up, including asphyxiation, explosion or sudden fire, or 

degradation of geotechnical properties of soil foundations by gas pressure 

build-up (Baciu et al., 2008; Schout et al., 2017).  

2.3.2.3 For the subsurface environment 

Escaped injected fluids can migrate to subsurface resources, such as other 

hydrocarbon reservoirs or mineral deposits (CO2 literature; Table 2.1; Figure 

2.1). In case of mixing between the leaked fluid and resources, the contaminated 

resources need to be cleaned, introducing extra costs (Oldenburg et al., 2011).  

The quality of groundwater can be severely affected through mixing with fluids 

leaked from a storage reservoir. The consequences of leakage for groundwater 

includes contamination, changed pH and redox conditions, increased TDS and 

mobilised hazardous trace elements (CO2, methane and wastewater literature, 

Tables 2.1, 2.2 and 2.4; Figure 2.1). Methane contamination was found in a 

drinking water aquifer after a subsurface well blowout (Schout et al., 2017). The 

highest methane concentrations were found next to the blowout area, which 

exceeded the recommended hazard threshold (10 mg/L). While upgradient little 

thermogenic methane was encountered, the methane had spread downgradient 

up to 515 m. Similarly, gaseous CO2 intruded into an aquifer dissolves and 

migrates primarily along the groundwater flow direction (Apps et al., 2010).  
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Dissolution of CO2 in groundwater increases the TDS, e.g. from 600 mg/L to 

1,500 mg/L (Zheng et al., 2012), however, the effect strongly depends on aquifer 

thickness (Viswanathan et al., 2008). In addition, CO2 dissolution reduces the 

pH from 7.6 to 5.7-5.9 (Apps et al., 2010), below 6.5 (Pawar et al., 2016) or from 

7.0 to 5.5-6 (Zheng et al., 2012), promoting the release hazardous trace elements, 

such as lead (Pb) and arsenic (As) (Apps et al., 2010; Zheng et al., 2012). 

Intrusion of methane, on the other hand, causes a slight increase in pH (Schout 

et al., 2017). 

 Causes for reservoir deformation 2.3.3

2.3.3.1 Reservoir compaction 

Reservoir compaction occurs during reservoir depletion and is therefore not 

expected in a storage operation. An exception is methane, because methane is 

both stored and produced in the subsurface. Pore pressure reduction causes the 

reservoir rock to contract, reducing the horizontal stresses within the reservoir, 

i.e. poro-elastic response (Table 2.3; Figure 2.1). The magnitude of the stress 

changes depends on the magnitude of the pore pressure change and the 

reservoir characteristics. For instance, a pore pressure reduction of 1.8 MPa can 

result in an average decrease of 1.3 MPa in the absolute horizontal stress, which 

is about 75% of the pore pressure change (Tenthorey et al., 2013). Simultaneous 

reservoir contraction in the vertical direction would result in approximately 12 

mm downward movement of the top of the reservoir, where the displacement 

accumulates (Tenthorey et al., 2013). 

In addition, pore pressure reduction increases the effective stress acting on the 

reservoir rock according to Terzaghi’s law (Terzaghi, 1943). Such increase 

activates grain-scale deformation processes, causing elastic and permanent 

compaction of the reservoir. Some of these processes are instantaneous (time-

independent), while others develop with time (time-dependent). Time-

dependent (creep) processes, such as pressure solution (Dewers and Hajash, 

1995; Gratier et al., 2009; Schutjens, 1991; Spiers et al., 2004) and sub-critical 

crack growth (Brantut et al., 2012; Brzesowsky et al., 2014a), can have a strong 

contribution to the total amount of compaction, because creep can cause 

compaction of the reservoir long after production has ceased.  
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Table 2.4 Hazards of wastewater injection and associated literature  

Underlying cause Cause Hazard Receptor Primary consequence Secondary consequence 
• Lateral flow (24)  
• Vertical flow (24)  

• Fluid migration 
(24)  

Leakage Surface sediments • Reduce diversity microbial 
communities (23) 

• Increase Fe(III) concentration 
(23) 

• Affect biochemical 
nutrient cycling (23) 

• Affect ecosystem 
functions (23) 

• Affect sediment quality 
(23) 

• Dissolution (27)  • Caprock failure 
(27) 

Surface water • Increase NVDOC (23) • Affect surface water 
quality (23) 

• Increase (23)  
Groundwater • Contaminate (24)  

• Chemical weakening 
(26) 

• Effective stress change 
(25, 26) 

• Poro-elastic response 
(25, 26) 

• Stress field change (26) 
• Thermal stress change 

(26) 

• Fault reactivation 
(25, 26, 28) 

Induced 
seismicity 

Surface • Ground shaking (25, 26, 28)  

• Dissolution (27) • Caprock failure 
(27) 

Caprock 
deformation 

Surface • Displacement (27)  

Note. 23. (Akob et al., 2016); 24. (Andričević et al., 2009); 25. (Goebel et al., 2016); 26. (NAM, 2016b); 27. (NAM, 2016c); 28. (Weingarten et al., 

2015).
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2.3.3.2 Reservoir expansion 

Reservoir repressurisation can lead to reservoir expansion (CO2 and methane 

literature; Tables 2.1 and 2.2; Figure 2.1). Due to the poro-elastic expansion of 

the reservoir rock, the horizontal stresses increase. Methane injection leading to 

a pore pressure increase of 0.58 MPa was accompanied by an average increase 

of 0.45 MPa of the absolute horizontal stresses, which is approximately 75% of 

the pore pressure change (Tenthorey et al., 2013). Simultaneous vertical 

expansion of the reservoir rock resulted in a vertical displacement of the top of 

the reservoir of approximately 4 mm (Tenthorey et al., 2013). CO2 injection into 

a different hydrocarbon reservoir, leading to a pore pressure increase of 3.3 

MPa, moved the reservoir top 19 mm upwards close to the injection well, where 

the maximum displacement was modelled (Karimnezhad et al., 2014). The 

majority of the changes (63% of total displacement) occurred in the first year of 

injection. The vertical displacement per pore pressure change due to CO2 

injection (5.8 mm/MPa) is in the same order of magnitude compared to methane 

injection (8.9 mm/MPa).  

 Consequences of reservoir deformation 2.3.4

2.3.4.1 For the surface environment 

At the surface, reservoir deformation can cause surface displacement in both the 

vertical and horizontal direction (CO2, methane and wastewater literature, 

Tables 1, 2 and 4; Figure 2.1). Surface displacement potentially damages 

buildings, infrastructures and the environment (Ferronato et al., 2010; Teatini et 

al., 2011a). The vertical displacement follows the extracted or stored volume in 

the reservoir, while the horizontal displacement depends on the location with 

respect to the centre of gravity of the field. For instance, a point west of the 

centre of gravity of the field moves eastwards when a fluid is extracted from the 

reservoir and westwards when a fluid is injected. Surface subsidence is in many 

cases observed during field depletion. During injection, surface subsidence is 

only partially recovered, because reservoir compaction is not fully elastic 

(Ferronato et al., 2010; Teatini et al., 2011a; Tenthorey et al., 2013). To illustrate, 

in one case study (Ferronato et al., 2010), an elliptical subsidence bowl of 

approximately 2 by 1 km with a maximum depth of 160 mm above the centre of 

gravity of the field developed by the end of production. Injection of CO2 to 
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more than 140% of the initial pore pressure resulted in a maximum uplift of 80 

mm, only half of the original subsidence. 

Alternatively, surface displacement can be a consequence of caprock 

deformation (wastewater literature; Table 2.4; Figure 2.1). Wastewater injection 

with subsequent dissolution of the halite caprock would result in a subsidence 

bowl of 5 km in diameter with a maximum depth of 120-140 mm (NAM, 2016c). 

The deepest point was located above the crest of the injection reservoir, where 

dissolution was most severe.  

2.3.4.2 For the subsurface environment 

In response to reservoir deformation, the reservoir-caprock interface moves, 

which could lead to failure of the caprock via stress changes in the caprock that 

could induce tensile or shear failure (Karimnezhad et al., 2014; Tenthorey et al., 

2013) (CO2 and methane literature; Tables 1 and 2; Figure 2.1). In addition, 

reservoir deformation can result in fault reactivation (Figure 2.1). Differential 

deformation of the reservoir, due to heterogeneous reservoir characteristics and 

non-uniform pore pressure changes within the reservoir, can cause unequal 

displacement along a fault, resulting in a net fault slip and potentially inducing 

seismicity (Nagelhout and Roest, 1997). 

 Causes for induced seismicity 2.3.5

2.3.5.1 Fault reactivation 

Induced seismicity refers to earthquakes related to human activity, such as the 

extraction or injection of fluids in the subsurface (Suckale, 2010). Fault rupture 

and slip along the fault plane generate seismic waves, perceived at the surface 

as an earthquake. Fault reactivation occurs when the shear stress (
�) acting on a 

fault satisfies the Mohr-Coulomb failure criterion: 


� �  � ��� − ��� tan � (2. 1) 

where �� is the normal stress, �� the pore pressure,  cohesion and � friction 

angle. The magnitude of the shear and normal stress depend on the magnitude 

of the in situ principle stresses and the orientation of the fault with respect to 

this stress field. Cohesion and friction angle are fault specific properties. 

Injection can change the failure criterion parameters via multiple mechanisms, 
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i.e. effective stress change, poro-elastic response, stress field change, thermal 

stress and chemical weakening (CO2, methane, nitrogen and wastewater 

literature; Tables 1-4; Figure 2.1).  

Injection increases the reservoir pore pressure, which decreases the effective 

vertical and horizontal stresses in the reservoir. Simultaneously, injection 

invokes a poro-elastic response of the reservoir and the absolute horizontal 

stresses increase with a fraction of the pore pressure change. This is known as 

the reservoir stress path, which is site specific. The effective vertical stress 

decreases by the same amount as the pore pressure change, while the reduction 

in effective horizontal stresses is partly compensated by the increase in the 

absolute horizontal stresses. To illustrate, for a stress path of 0.75, a 10 MPa 

pore pressure increase would raise the horizontal stress with 7.5 MPa. 

Simultaneously, the effective stress decreases with 10 MPa, resulting in a net 

reduction of the effective horizontal stress of 2.5 MPa. The effective vertical 

stress is reduced by 10 MPa. This changes the shear and normal stress acting on 

a fault, creating a potentially unstable situation equation (2.1) (NAM, 2016a, 

2016b; TNO, 2015b).  

In a worst case scenario, the pore pressure increase reduces the effective stress 

without increasing the absolute stress, such that only the normal stress acting 

on the fault is lowered. This could occur in a fault that is partly embedded in 

the reservoir and partly in the caprock, such that the caprock fault section 

would be reactivated (NAM, 2016b; TNO, 2015b). Alternatively, pore pressure 

changes can be transmitted over large distances (>1 km) via permeable fractures 

and fault zones where they invoke only changes in the effective stress, leading 

to fault reactivation in case of critically stress faults (Goebel et al., 2016). 

In some cases, injection alters the local stress field. Injection can lead to large-

scale, non-uniform pore pressure changes within the reservoir, resulting in 

stress-arching (TNO, 2015b). In addition, earthquakes can transfer small 

stresses, large enough to reactivate critically stressed faults (NAM, 2016b). 

Thus, the occurrence of one earthquake due to fluid injection can trigger more 

seismicity. Moreover, mass changes due to the removal or addition of large 

masses within the earth or on the surface can affect the local stress field (NAM, 

2016b). 
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Figure 2.1 Logic tree of fluid injection into a hydrocarbon reservoir. The centre of the map contains the major hazards (double-lined box). 
On the left, the causes leading to a hazard are presented, and on the right, the consequence that could result from a hazard. The 
consequences are grouped per receptor (single-lined box). The black arrows connect underlying causes to main causes, to hazards, to 
primary and secondary consequences.  
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Injection of a relatively cold fluid into the reservoir gradually cools the reservoir 

in the vicinity of the injection wells. In the affected area, cooling causes the 

reservoir rock to contract and induces thermal stresses. These stresses affect 

areas beyond the area of cooling. Due to thermal contraction of the reservoir 

rock, the normal stress acting on any nearby fault reduces and the shear stress 

increases, destabilising the fault. Fault stability depends on the induced 

temperature change and the initial stress state in the reservoir (NAM, 2016b; 

Orlic et al., 2013; TNO, 2015b).  

During injection, a fault initially saturated with hydrocarbons gets wetted by 

the injection fluid. This change in chemical environment could affect fault 

strength and lead to fault reactivation (NAM, 2016b). 

 Consequences of induced seismicity 2.3.6

2.3.6.1 For the surface environment 

The seismic waves produced during an earthquake cause ground shaking upon 

reaching the earth’s surface. Ground shaking can be a nuisance to humans, 

damage buildings and infrastructures, and result in injury or fatality (CO2, 

nitrogen and wastewater literature; Tables 1, 3 and 4; Figure 2.1). The size of an 

earthquake is commonly expressed in moment magnitude (Mw) (e.g. NAM, 

2016b). However, the Mw metric provides limited information on the 

earthquake impact at the surface, as it does not describe the amount of energy 

reaching the surface. Alternative metrics are peak ground acceleration (PGA) 

and peak ground velocity (PGV). Specifically PGV is used in the design of 

seismic intensity scales for human disturbances and damage to vulnerable 

houses. An earthquake originating at 1 km depth with a moment magnitude of 

2.5-3 can result in a PGV of 20-30 mm/s at the surface within a few hundred 

meters from the fault. Further away from the fault (> 1 km) the PGV decays to 

2.5 mm/s (Rutqvist et al., 2014).  

2.3.6.2 For the subsurface environment  

During fault reactivation, a normally sealing fault can form a temporary conduit 

for fluid flow parallel or perpendicular to the fault plane. Many studies (CO2 

and methane injection; Tables 1 and 3) described the possibility for fluids to 
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escape the storage reservoir during fault reactivation, but none analysed this 

scenario by, e.g., examining the volumes that could escape during reactivation. 

2.4 Risks of fluid injection 

The logic tree (Figure 2.1) shows that each hazard can affect multiple receptors. 

Using values derived from the selected literature the risk, defined as the 

product of probability and impact, could be determined for each hazard-

receptor combination. Qualitative risk labels (low, medium and high) were 

used, because often 1) probabilities and impacts were reported in non-

conformable metrics; 2) assumptions and reported results were site specific; 3) 

presented results were qualitative; and 4) the applied method for sampling the 

literature does not allow for a robust statistical analysis. The results are 

presented in a probability-impact diagram (Figure 2.2). 

 Leakage to the environment 2.4.1

2.4.1.1 To the atmosphere 

The risk of leakage to the atmosphere was investigated in the literature on CO2 

and methane injection. In the CO2 literature, leakage via well failure was 

assessed as unlikely (Oldenburg et al., 2011). However, leakage through an 

open wellbore (a worst-case scenario) would definitely result in CO2 release to 

the atmosphere (Pawar et al., 2016). The other pathways for CO2 leakage, 

caprock failure via diffusion or fracture formation, were considered improbable 

(Oldenburg et al., 2011; Tambach et al., 2015) or did not occur at all when 

modelled (Ferronato et al., 2010; Karimnezhad et al., 2014; Soltanzadeh and 

Hawkes, 2012). Combining these reported probabilities, the probability for CO2 

leakage ranges from unlikely to very likely. The impact of leakage to the 

atmosphere was considered low, because the volume of escaped CO2 was well 

below the set thresholds (Pawar et al., 2016; Viswanathan et al., 2008). Based on 

these values, the risk for CO2 leakage to the atmosphere is low to medium 

(Figure 2.2a).  

For methane leakage to the atmosphere, a failure probability, regardless of the 

failure mechanism,  was calculated for regular oil and gas wells in Pennsylvania 

of 0.73-5.21% (Ingraffea et al., 2014). In addition, a relatively low frequency 
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(~1:1,000) for uncontrollable well blowout during operation was reported 

(Schout et al., 2017). Leakage via a naturally permeable fault was found to be 

site specific (Baciu et al., 2008; Tang et al., 2013) meaning that a probability 

cannot be set. The probability for caprock failure was also deemed unlikely, 

because fracture formation did not occur (Khaksar et al., 2012). Thus, the overall 

probability of leakage is unlikely. The impact ranges from low to high, because 

the impact of released methane and associated gasses was not assessed. 

Therefore, the methane leakage risk to the atmosphere is low to medium 

(Figure 2.2b).  

2.4.1.2 To surface sediments 

In the wastewater literature, probabilities of leakage via fluid migration and 

caprock failure were found to be negligible (probability of 10-47) (Andričević et 

al., 2009) and unlikely (NAM, 2016c), respectively. However, these results were 

not specifically for leakage from the reservoir to surface sediments. The impact 

of leakage to surface sediment was investigated, but not compared to 

thresholds (Akob et al., 2016). Consequently, the impact level is unknown. The 

resulting risk is low or medium (Figure 2.2d).   

2.4.1.3 To surface water 

In the literature on wastewater injection, the probability of leakage was 

assessed as unlikely (Andričević et al., 2009; NAM, 2016c). Though the impact 

of leakage to surface water was investigated, results were not compared with 

thresholds (Akob et al., 2016). Due to a lack of impact level, the risk is low or 

medium (Figure 2.2d).   

2.4.1.4 To subsurface resources 

Leakage to subsurface resources was analysed in the literature on CO2. The 

probability of CO2 leakage was modelled in multiple studies and was found to 

be unlikely (Ferronato et al., 2010; Karimnezhad et al., 2014; Oldenburg et al., 

2011; Soltanzadeh and Hawkes, 2012; Tambach et al., 2015). The impact of CO2 

leakage on subsurface resources was considered as low (Oldenburg et al., 2011). 

The risk is therefore low (Figure 2.2a).  



Risks of fluid injection 

35 
 

 

Figure 2.2 A qualitative probability-impact diagram indicating the level of risks for nine 
hazard-receptor combinations based on reviewing the selected literature. Error bars 
indicate the lack of knowledge (dashed line) or the spread of knowledge in current 
studies (solid line). Hazard-receptor combinations that plot in the same quadrant are 
placed randomly; no further division is made. The following hazard-receptor 
combinations are presented L-A: leakage to atmosphere; L-SS: leakage to surface 
sediments; L-SW: leakage to surface water; L-SR: leakage to subsurface resources; L-G: 
leakage to groundwater; L-S: leakage to surface; C-D: caprock failure with surface 
displacement; R-D: reservoir deformation with surface displacement; I-G: induced 
seismicity with ground shaking. 
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2.4.1.5 To groundwater 

The risk of leakage to the groundwater was investigated in the literature on 

CO2, methane and wastewater. In the CO2 literature, the probability of leakage 

was found to be unlikely (Ferronato et al., 2010; Karimnezhad et al., 2014; 

Oldenburg et al., 2011; Soltanzadeh and Hawkes, 2012; Tambach et al., 2015). 

The different impacts of CO2 leakage to groundwater were analysed in a 

number of studies and were found to range from low to high. The impact of 

contamination was low, because the volume of escaped CO2 that arrived at the 

aquifer was small compared to the total amount injected and well below the set 

threshold (Viswanathan et al., 2008). However, CO2 dissolution significantly 

reduced groundwater pH with 1.5-2.9 pH point (Apps et al., 2010; Zheng et al., 

2012). Though this effect is large, no pH thresholds were defined and an impact 

level cannot be selected. The modelled TDS increase was close but below the 

MCL (Viswanathan et al., 2008; Zheng et al., 2012), while it exceeded the MCL 

in case of a thin aquifer (Viswanathan et al., 2008). Therefore, the impact ranges 

medium to high. The impact of mobilisation of trace metals is medium, because 

lead and arsenic concentrations approached the MCL (Apps et al., 2010; Zheng 

et al., 2012). Combining the probability of CO2 leakage to groundwater and the 

various impacts, the risk is low to medium (Figure 2.2a). 

In the literature on methane injection, the occurrence of leakage was found to be 

unlikely (Ingraffea et al., 2014; Khaksar et al., 2012; Schout et al., 2017). The 

impact of contamination is high, because a wellbore blowout resulted in 

methane concentrations above the recommend threshold (Schout et al., 2017). 

Changes in pH and redox conditions were also found, though the impact was 

not quantified (Schout et al., 2017). The risk of methane leakage to groundwater 

is low to medium (Figure 2.2b). 

The probability that injected wastewater would reach an overlying aquifer was 

determined to be unlikely (10-47) (Andričević et al., 2009). Wastewater leakage 

via caprock failure was also found to be unlikely (NAM, 2016c). The impact of 

leakage on groundwater was not assessed in the wastewater literature. The risk 

of wastewater leakage to groundwater is low or medium (Figure 2.2d).  
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2.4.1.6 To the surface 

In the literature on methane injection, leakage in general was considered as 

unlikely (Ingraffea et al., 2014; Khaksar et al., 2012; Schout et al., 2017). Two 

studies found that faults could form conduits for methane escape and measured 

significant fluxes (Baciu et al., 2008; Tang et al., 2013). However, the impact of 

methane build-up at the surface was not assessed. Therefore, the risk of 

methane leakage to the surface is low to medium (Figure 2.2b). 

 Caprock failure with surface displacement 2.4.2

Caprock failure via dissolution was found to occur in wastewater injection 

(NAM, 2016c) and the probability of very likely is assigned. Modelled caprock 

failure resulted in 12-14 cm surface subsidence (NAM, 2016c). However, the 

surface subsidence was not compared to thresholds and no impact level can be 

assigned. The risk of caprock failure with surface displacement is medium to 

high (Figure 2.2d).  

 Reservoir deformation with surface displacement 2.4.3
Reservoir deformation with surface displacement was considered in the 

literature on CO2 and methane injection. Based on the CO2 injection literature, 

the probability of reservoir deformation was assessed as very likely, because 

reservoir expansion was found to occur (Ferronato et al., 2010; Karimnezhad et 

al., 2014). The impact is considered low, because injection resulted in a net 

surface uplift of 8 cm and a displacement gradient below set thresholds 

(Ferronato et al., 2010). The resulting risk is medium (Figure 2.2a). 

In the literature on methane injection, reservoir deformation via both 

compaction and expansion was found to occur (Teatini et al., 2011a; Tenthorey 

et al., 2013). The probability is thus very likely. The impact is low, because the 

resulting displacement gradients were well below the set limits (Teatini et al., 

2011a). The risk of reservoir deformation with surface displacement due to 

methane injection is medium (Figure 2.2b). 

 Induced seismicity with ground shaking 2.4.4
Induced seismicity was the focus in literature on each injection fluid. All CO2 

studies on induced seismicity found that fault reactivation would occur during 
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CO2 injection (Ayash et al., 2009; Ferronato et al., 2010; Rutqvist et al., 2014; 

Soltanzadeh and Hawkes, 2012). Where one study predicted the occurrence of 

6 x 104 fracture events (Ayash et al., 2009), another found that two out of the 

four major faults would slip (Ferronato et al., 2010). In one study, pore 

pressures were intentionally increased to induce fault slip (Rutqvist et al., 2014). 

This would not occur in an actual injection operation. The probability of 

seismicity therefore ranges from likely to very likely. The impact of an 

earthquake was found to be largest close to the fault, where high PGV’s were 

modelled and the maximum impact was perceivable light shaking and cosmetic 

damage to buildings (Rutqvist et al., 2014). Thus, the impact of seismicity is 

medium. Combining probability and impact, the risk of induced seismicity with 

ground shaking for CO2 injection is medium to high (Figure 2.2a).  

In the methane injection literature, none of the studies found that induced 

seismicity would occur during injection (Khaksar et al., 2012; Orlic et al., 2013; 

Tenthorey et al., 2013). In one study, fault reactivation did occur during initial 

depletion of the reservoir, but the fault stabilised during injection (Orlic et al., 

2013). Therefore, the probability for induced seismicity is unlikely. The impact 

of seismicity was not assessed in the studies on methane injection and ranges 

from low to high. The risk for induced seismicity with ground shaking is low or 

medium (Figure 2.2b). 

The nitrogen injection literature recognised a wide range of mechanisms for 

fault reactivation (NAM, 2016a; TNO, 2015b). With most mechanisms unlikely 

to cause fault slip and some likely, the probability is likely. Potentially 

consequences of ground shaking were identified, but not assessed. Therefore, 

the impact extends from low to high. The risk of induced seismicity with 

ground shaking due to nitrogen injection is low to high (Figure 2.2c). 

The wastewater literature also identified various mechanisms for fault 

reactivation. While some were only relevant for areas with critically stressed 

faults, others were likely or very likely to cause induced seismicity (Goebel et 

al., 2016; NAM, 2016b). In addition, spatiotemporal analysis of injection wells 

and earthquakes revealed that approximately 8% of the wells used for EOR in 

central and eastern United States could be associated with seismicity 

(Weingarten et al., 2015). Ground shaking was recognised as a consequence, but 
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no impact assessment was made. With a possible impact ranging from low to 

high, the risk also ranges from low to high (Figure 2.2d). 

2.5 Risk assessment approaches 

 Risk assessment stages 2.5.1

A risk assessment typically consists of five stages, including site 

characterisation, hazard analysis, consequence assessment, probability 

assessment, and risk and uncertainty characterisation (Gormley et al., 2011). 

Each stage is characterised by several steps (Table 2.5). 

In stage I, site characterisation, the system is defined in both space and time. 

This was done by all 28 studies. Most studies (25) identified sources, events and 

processes that may cause and control a hazard, such that a first order 

conceptual model could be developed. Controversially, few studies (6) 

formulated appropriate measures of risk and corresponding thresholds. These 

thresholds could be used at a later stage to evaluate the outcome of the risk 

assessment (Stage V). In stage II, hazard analysis, hazards were identified by all 

studies (28), of which 23 studies analysed the mechanism of hazard occurrence, 

hazard pathways and potential consequence receptors. The three studies that 

did not include this step made basic assumptions about hazard occurrence and 

spread, to solely focus on the consequences. Subsequently, 19 studies 

constructed scenarios, linking specific hazards, pathways and receptors, which 

can be used for consequence or probability assessment. In stage III, consequence 

assessment, the consequences of a particular hazard were identified by 

25 studies, while only 19 evaluated the corresponding magnitude. Some studies 

made worst-case scenario assumptions and combined this with site specific 

parameters to evaluate the consequence magnitude, e.g. the maximum expected 

seismic moment (NAM, 2016b; Rutqvist et al., 2014), surface subsidence 

(Ferronato et al., 2010; NAM, 2016c; Teatini et al., 2011a; Tenthorey et al., 2013), 

and the effect of a small and uncontrolled (non-remediated) leakage on 

groundwater quality (Akob et al., 2016; Apps et al., 2010; Schout et al., 2017; 

Viswanathan et al., 2008; Zheng et al., 2012). In stage IV, probability assessment, 

the probabilities of hazard occurrence (19 studies), hazard exposure (four 

studies) and hazard vulnerability (zero studies) were assessed. Hazard 
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exposure is concerned with the spatial and temporal spread of the hazard, 

while it depends on the vulnerability of the receptor, the vigour of the hazard, 

and the amount or extent of exposure whether the receptor is affected by the 

hazard. In stage V, risk and uncertainty characterisation, six studies combined 

the probabilities of stage IV with the consequences identified in stage III to 

compare them with the risk limits set in stage I. In addition, 14 studies 

performed a sensitivity analysis to address uncertainty in the overall 

assessment and to gain further understanding of the mechanisms or to 

characterise the uncertainty in the results.  

 Assessment methods  2.5.2
The mechanism of hazard occurrence and the pathways of hazard spread were 

mostly modelled (22 studies) and in some cases interpreted from field 

experiments (four studies). 3D flow models were used to model the flow of the 

injected fluid in the target reservoir (Andričević et al., 2009; Ferronato et al., 

2010; Goebel et al., 2016; Karimnezhad et al., 2014; NAM, 2016c; Oldenburg et 

al., 2011; Orlic et al., 2013; Rutqvist et al., 2014; Tambach et al., 2015; Teatini et 

al., 2011a; TNO, 2015b) or the spread of a leakage in an overlying aquifer (Apps 

et al., 2010; Zheng et al., 2012). As a subsequent step to modelling flow in the 

reservoir, 3D geomechanical modelling was used to determine the resulting 

stress changes in the reservoir and surrounding rock. This was done to evaluate 

whether the Mohr-Coulomb criterion for fault reactivation equation (2.1) was 

satisfied (Goebel et al., 2016; Khaksar et al., 2012; NAM, 2016a, 2016b; Orlic et 

al., 2013; Rutqvist et al., 2014; Soltanzadeh and Hawkes, 2012; Tenthorey et al., 

2013; TNO, 2015b; Zheng et al., 2017), shear or tensile fracturing occurred 

(Khaksar et al., 2012; Oldenburg et al., 2011; Soltanzadeh and Hawkes, 2012; 

Zheng et al., 2017), or to determine the amount of reservoir deformation and 

accompanying surface displacement (Khaksar et al., 2012; NAM, 2016c; Teatini 

et al., 2011a). Field studies involved measuring natural or accidental leakage 

around fault systems or wells (Baciu et al., 2008; Schout et al., 2017; Tang et al., 

2013), analysing historic wellbore leakage data (Ingraffea et al., 2014), or 

performing spatiotemporal analysis on historical earthquake and injection data 

to correlate seismicity and fluid injection (Weingarten et al., 2015).  
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Table 2.5 Risk assessment stages and research focus of the selected studies 

Assessment stage and action 
description 

CO2 (11) Methane (9) Nitrogen 
(2) 

Wastewater 
(6) 

Study # Study # Study # Study #  
Stage I – Site characterisation 
Define the system 1, 2, 3, 4, 

5, 6, 7, 8, 
9, 10, 11 

11 12, 13, 14, 
15, 16, 17, 
18, 19, 20 

9 21, 22 2 23, 24, 
25, 26, 
27, 28 

6 

Identify sources, events and 
processes which may cause and 
control a hazard 

2, 3, 4, 5, 
6, 7, 8, 9, 
10 

9 12, 13, 14, 
15, 16, 17, 
18, 19, 20 

9 21, 22 2 23, 25, 
26, 27, 28 

5 

Identify appropriate measures of 
risk and corresponding risk 
threshold 

3, 5, 6, 7, 
10 

5 18 1 - 0 - 0 

Stage II – Hazard analysis 
Identify hazards 1, 2, 3, 4, 

5, 6, 7, 8, 
9, 10, 11 

11 12, 13, 14, 
15, 16, 17, 
18, 19, 20 

9 21, 22 2 23, 24, 
25, 26, 
27, 28 

6 

Analyse the mechanism of hazard 
occurrence, pathways of hazard 
spread and consequence receptors 

1, 3, 4, 5, 
6, 7, 8, 9, 
10, 11 

10 12, 13, 14, 
15, 16, 18, 
19 

7 21, 22 2 24, 25, 
26, 27 

4 

Form scenarios according to 
hazards, pathways/mechanisms 
and receptors 

3, 4, 5, 6, 
7, 8, 10  

7 12, 13, 14, 
16, 17, 18, 
19 

7 21 1 24, 25, 
26, 27 

4 

Stage III – Consequence assessment 
Identify the consequences 1, 2, 3, 4, 

5, 6, 7, 8, 
10, 11 

10 12, 13, 14, 
16, 17, 18, 
19, 20 

8 21 1 23, 24, 
25, 26, 
27, 28 

6 

Evaluate the magnitude of the 
consequences 

1, 3, 5, 6, 
7, 10, 11 

7 12, 16, 17, 
18, 19 

5 - 0 23, 24, 
26, 27 

4 

Stage IV – Probability assessment 
Evaluate the probability of a 
hazard occurring 

2, 3, 4, 5, 
6, 7, 8, 9, 
10 

9 13, 14, 15, 
18, 19 

5 21, 22 2 26, 27, 28 3 

Evaluate the probability of 
exposure to a hazard 

10 1 16 1 - 0 23, 24 2 

Evaluate the probability of the 
receptors being affected by a 
hazard 

- 0 - 0 - 0 - 0 

Stage V – Risk and uncertainty characterisation 
Combine the evaluated 
consequences and probabilities 
and compare them with risk limits 

3, 5, 6, 7, 
10  

5 18 1 - 0 - 0 

Evaluate sensitivity of results to 
changes in parameters to gain 
further understanding 

1, 4, 6, 7, 
8, 9, 11 

7 14, 15 2 22 1 24, 25, 
27, 28 

4 
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Note to Table 2.5 (previous page). 1. (Apps et al., 2010); 2. (Ayash et al., 2009); 3. (Ferronato et 

al., 2010); 4. (Karimnezhad et al., 2014); 5. (Oldenburg et al., 2011); 6. (Pawar et al., 2016); 7. 

(Rutqvist et al., 2014); 8. (Soltanzadeh and Hawkes, 2012); 9. (Tambach et al., 2015); 10. 

(Viswanathan et al., 2008); 11. (Zheng et al., 2012); 12. (Baciu et al., 2008); 13. (Khaksar et al., 

2012); 14. (Ingraffea et al., 2014); 15. (Orlic et al., 2013); 16. (Schout et al., 2017); 17. (Tang et 

al., 2013); 18. (Teatini et al., 2011a); 19. (Tenthorey et al., 2013); 20. (Zheng et al., 2017); 21. 

(NAM, 2016a); 22. (TNO, 2015b); 23. (Akob et al., 2016); 24. (Andričević et al., 2009); 25. 

(Goebel et al., 2016); 26. (NAM, 2016b); 27. (NAM, 2016c); 28. (Weingarten et al., 2015). 

Consequence and probability assessment was done using the same models 

(14 studies) or field studies (five studies). In most modelling studies (10), the 

magnitude of the consequence was assessed deterministic, using site specific 

input parameters that represent the most likely scenario. However, some worst-

case scenario assumptions were usually included as well, such as a constant, 

non-remediated leakage into an aquifer (Apps et al., 2010), the presence of 

cohesionless faults with optimal orientation for reactivation (Ferronato et al., 

2010; Khaksar et al., 2012; NAM, 2016b; Orlic et al., 2013; Zheng et al., 2017) or 

negligible slow mineral reactions (Tambach et al., 2015). In five modelling 

studies (Andričević et al., 2009; Ayash et al., 2009; Pawar et al., 2016; 

Soltanzadeh and Hawkes, 2012; Viswanathan et al., 2008), model input 

parameters were varied using Monte Carlo simulation to represent parameter 

uncertainty and to determine probabilities. Probability density functions (pdf’s) 

were defined for uncertain site-specific parameters, including fracture angle 

inclination (Ayash et al., 2009; Soltanzadeh and Hawkes, 2012), reservoir 

characteristics such as depth, porosity, permeability, elastic constants and 

friction properties (Andričević et al., 2009; Pawar et al., 2016; Soltanzadeh and 

Hawkes, 2012), well characteristics such permeability via various leakage 

pathways (Viswanathan et al., 2008) and the stress field in and around the 

reservoir (Soltanzadeh and Hawkes, 2012). Pdf’s were presented by a Cauchy 

distribution (Ayash et al., 2009), normal distribution (Soltanzadeh and Hawkes, 

2012) or log-normal distribution (Viswanathan et al., 2008) and for some 

parameters these distributions were truncated.  

  



Risks of fluid injection 

43 
 

Table 2.6 Injection parameters  

Study Country Assessment 
period [y] 

Injection rate per well Total injected volume Relative 
injection 
pressure 
[%] 

[kg/d] [Sm3/d] [kg] [Sm3] 

CO2 

1 US 100 - - - - - 
2 US - - 477 - - - 
3 IT 150  1.7 x 105 - 1.0 x 1010 115 
4 IR 10 2.7 x 104 - 1.0 x 108 - 109 
5 DZ 30 6.8 x 105 - 2.2 x 1010 - - 
6 US 200/1,000 5.0 x 104 - 3.6 x 108 - - 
7 - 0.1 - - - - 175 
8 CA - - - - - 252 
9 NL 1,000 2.8 x 106 - 1.1 x 1010 - 100 
10 US 50 4.3 x 106 - 7.9 x 1010 - - 
11 US - - - - - - 
Methane 

12 RO - - - - - - 
13 AU - - - - - 115 
14 US 12 - - - - - 
15 NL 50 - - - - 60 
16 NL - - - - - - 
17 CN - - - - - - 
18 IT 32 - 5.1 x 105 - 7.7 x 1010 120 
19 AU 15 - 4.8 x 104 - 1.7 x 1010 107 
20 CN 7 - 5.2 x 105 - 1.1 x 108 100 
Nitrogen 

21 NL - - - - - 34 
22 NL 20 - 3.5 x 106 - 2.6 x 1010 46 
Wastewater 

23 US - - 1.5 x 104 - 1.8 x 105 - 
24 HR 100/10,000 - 30 - 2.2 x 105 - 
25 US 0.8 - 1.1 x 103 - 6.6 x 105 - 
26 NL - - 2.5 x 103 - - 89 
27 NL 1,000 - 4.0 x 103 - 2.9 x 107 - 
28 US 41 - - - - - 

Note. 1. (Apps et al., 2010); 2. (Ayash et al., 2009); 3. (Ferronato et al., 2010); 4. (Karimnezhad et 

al., 2014); 5. (Oldenburg et al., 2011); 6. (Pawar et al., 2016); 7. (Rutqvist et al., 2014); 8. 

(Soltanzadeh and Hawkes, 2012); 9. (Tambach et al., 2015); 10. (Viswanathan et al., 2008); 11. 

(Zheng et al., 2012); 12. (Baciu et al., 2008); 13. (Khaksar et al., 2012); 14. (Ingraffea et al., 

2014); 15. (Orlic et al., 2013); 16. (Schout et al., 2017); 17. (Tang et al., 2013); 18. (Teatini et al., 

2011a); 19. (Tenthorey et al., 2013); 20. (Zheng et al., 2017); 21. (NAM, 2016a); 22. (TNO, 

2015b); 23. (Akob et al., 2016); 24. (Andričević et al., 2009); 25. (Goebel et al., 2016); 26. (NAM, 

2016b); 27. (NAM, 2016c); 28. (Weingarten et al., 2015); AU: Australia; CA: Canada; CN: 

China; DZ: Algeria; HR: Croatia; IR: Iran; IT: Italy; NL: Netherlands; RO: Romania; US: 

United States.  
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 Assessment parameters 2.5.3

Frequently reported parameters included site location, assessment period, 

injection rate and volume, and reservoir pore pressure. Most studies were site-

specific or use a synthetic site that was loosely based on specific location 

(Tambach et al., 2015; TNO, 2015b; Viswanathan et al., 2008). One study 

(Rutqvist et al., 2014) did not use site-specific parameters, though the input 

values were considered realistic. Site locations in the selected studies were 

distributed around the globe with at least one study per continent, except for 

South America (Table 2.6). Three studies focussed on locations in Asia 

(Karimnezhad et al., 2014; Tang et al., 2013; Zheng et al., 2017), one in Africa 

(Oldenburg et al., 2011), ten in North America (Akob et al., 2016; Apps et al., 

2010; Ayash et al., 2009; Goebel et al., 2016; Ingraffea et al., 2014; Pawar et al., 

2016; Soltanzadeh and Hawkes, 2012; Viswanathan et al., 2008; Weingarten et 

al., 2015; Zheng et al., 2012), eleven in Europe (Andričević et al., 2009; Baciu et 

al., 2008; Ferronato et al., 2010; NAM, 2016b, 2016c, 2016a; Orlic et al., 2013; 

Schout et al., 2017; Tambach et al., 2015; Teatini et al., 2011a; TNO, 2015b) and 

two in Australia (Khaksar et al., 2012; Tenthorey et al., 2013). 

The risk assessment studies applied a range of assessment periods, varying 

between 40 days to 10,000 years. Short assessment periods were employed by 

two studies on induced seismicity. One study intentionally induced fault slip 

after 40 days of injection to evaluate the (time-independent) consequences 

(Rutqvist et al., 2014). The other reproduced seismicity observed around an 

injection well over a 300 day period (Goebel et al., 2016). Ten studies (Ingraffea 

et al., 2014; Karimnezhad et al., 2014; Oldenburg et al., 2011; Orlic et al., 2013; 

Teatini et al., 2011a; Tenthorey et al., 2013; TNO, 2015b; Viswanathan et al., 

2008; Weingarten et al., 2015; Zheng et al., 2017) evaluated the injection period 

without subsequent storage and adopted assessment periods between 7 and 

50 years. Several of these studies (Orlic et al., 2013; Teatini et al., 2011a; 

Tenthorey et al., 2013; Zheng et al., 2017) investigated the temporary storage of 

methane. Studies that did include the storage period used modelling times 

between 100 and 200 years (Andričević et al., 2009; Apps et al., 2010; Ferronato 

et al., 2010; Pawar et al., 2016), 1,000 years (NAM, 2016c; Pawar et al., 2016) or 

even 10,000 years (Andričević et al., 2009; Tambach et al., 2015). Multiple 

studies also considered the time period before injection started. In some cases, 
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geomechanical models used for forecasting were validated by reproducing past 

observed reservoir pore pressure (Ferronato et al., 2010; Tenthorey et al., 2013), 

ground motion above the reservoir (Teatini et al., 2011a) or seismicity in the 

area (Orlic et al., 2013), or past seismicity was used as a guideline for 

probability evaluation (Ayash et al., 2009; NAM, 2016b).  

Injection rates were reported in 16 site specific studies, though different units 

were units, including units representing mass per time, such as Mt/y, kg/s and 

kg/d, and volume per time, like Sm3/d, Sm3/y, m3/d and m3/mo. Expressing the 

injection rate in mass per time was preferred in the studies on CO2 injection, 

while studies on the other injection fluids employed volume per time units. It is 

not straight forward to compare the different units, as density of the fluids were 

not always reported, neither were the pressure and temperature at which the 

volume was determined. Recalculating the reported injection rates to either 

kg/d or Sm3/d per one injection well, resulted in the following ranges 2.7 x 104 - 

4.3 x 106 kg/d and 30 - 3.5 x 106 Sm3/d (Table 2.6). Taking into account the 

number of injection wells (ranging 1-30) and the duration of injection (between 

40 days and 58 years), fluid masses of 1.0 x 108 - 7.9 x 1010 kg and fluid volumes 

of 2.2 x 105 - 7.7 x 1010 Sm3 were injected in total (Table 2.6). 

Reservoir pore pressures were reported in 13 studies. According to several 

studies, the maximum safe pore pressure is the initial reservoir pore pressure, 

i.e. the reservoir pore pressure before depletion (NAM, 2016a, 2016b). As pore 

pressures are site-specific, the injection pore pressure is reported as a 

percentage of the initial pore pressure (Table 2.6). Two studies employed a low 

relative pressure of 34% and 46% of the original pore pressure (NAM, 2016a; 

TNO, 2015b) and four studies operated injection pressures close or equal to the 

initial pressure with relative pore pressure of 60%, 89%, or 100% (NAM, 2016b; 

Orlic et al., 2013; Tambach et al., 2015; Zheng et al., 2017), thereby heeding the 

concept that the injection pressure should remain below or equal to the initial 

pressure. On the other hand, seven studies exceeded the original pore pressure 

to investigate if the injection pressure can be safely increased beyond the 

original pressure. This resulted in pore pressures varying between 107 and 

252% of the initial pore pressure (Ferronato et al., 2010; Karimnezhad et al., 

2014; Khaksar et al., 2012; Rutqvist et al., 2014; Soltanzadeh and Hawkes, 2012; 

Teatini et al., 2011a; Tenthorey et al., 2013). The largest relative pore pressure 
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was adopted by Soltanzadeh and Hawkes (2012) to investigate the pressure 

change needed to reactive an optimally oriented fault, which occurred at 177-

187% (90% confidence interval) of the original pore pressure. 

2.6 Lessons learned and knowledge gaps 

 Comparison of the identified hazards 2.6.1
The logic tree (Figure 2.1) is largely derived from the literature on CO2 and 

methane injection. The look-up tables for CO2 (Table 2.1) and methane (Table 

2.2) show a strong similarity in the described hazards, causes, receptors and 

consequences. This contrasts with the literature on nitrogen and wastewater 

(Tables 3 and 4), which reported less hazards and a smaller number of causes 

and consequences. The difference in look-up tables may be caused by the 

number of studies selected per fluid. The small number of studies on nitrogen 

and wastewater resulted in a narrow focus on a small selection of hazards, 

causes and consequences. However, the literature on nitrogen and wastewater 

injection added unique elements to the logic tree. Literature on both fluids 

reported in detail on the underlying causes of fault reactivation, providing 

more clarity on the complexity of induced seismicity. Furthermore, the 

wastewater injection literature recognised a new pathway from caprock 

deformation to surface displacement and described two receptors (surface 

water and sediments) that were not recognised in any of the other literature.  

 Comparison of the risks 2.6.2
For the selected literature on all fluids, there was a relatively strong consensus 

on the probability of a hazard occurring, while there was a large spread in the 

impact on the receptor (Figure 2.2). The spread in impact is in some cases, e.g. 

leakage of CO2 to groundwater, because a hazard can cause multiple 

consequences within a receptor and each consequence can have a different 

severity. In other cases, the spread is because the magnitude of the consequence 

is not assessed (e.g. methane and wastewater leakage to groundwater, methane 

leakage to the atmosphere and surface, and induced seismicity with ground 

shaking due to methane, nitrogen or wastewater injection) or compared to 
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thresholds (e.g. wastewater leakage to surface water and sediment, and caprock 

deformation with surface displacement due to wastewater injection).  

Four out of nine hazard-receptor combinations were evaluated for different 

injection fluids and can be compared (Figure 2.2). The risk of leakage to the 

atmosphere was considered in the literature on CO2 and methane injection and 

though the same risk levels were assigned (low to medium), the probability and 

impact differed (c.f. Figures 2.2a and 2.2b). The probability of CO2 leakage was 

found to vary between unlikely and very likely, while the probability of 

methane leakage was considered as unlikely. This difference is due to one study 

on CO2 injection that modelled leakage through an open wellbore and found 

that leakage occurred in all simulations (Pawar et al., 2016). All other studies on 

both CO2 and methane injection concluded that the proposed leakage pathways 

were unlikely (Ferronato et al., 2010; Ingraffea et al., 2014; Karimnezhad et al., 

2014; Khaksar et al., 2012; Oldenburg et al., 2011; Schout et al., 2017; 

Soltanzadeh and Hawkes, 2012; Tambach et al., 2015). The impact of CO2 

leakage to the atmosphere was considered as low, while no consequence 

assessment of methane leakage was made. 

The risk of leakage to groundwater was evaluated in the CO2, methane and 

wastewater literature, and for all fluids the risk ranked between low and 

medium (Figures 2.2a, b and d). The probability was assessed as unlikely for all 

fluids. The impact for CO2, methane and wastewater infiltration ranged 

between low and high. The range in wastewater impact was due to a lack of 

consequence assessment. For CO2 leakage, the impact levels were well 

established, because consequence magnitudes were determined and compared 

to thresholds. This was partly done for the consequences of methane leakage. 

The risk of reservoir deformation with surface displacement was investigated in 

the literature on CO2 and methane injection. For both fluids, the risk ranked 

medium, because of a low impact and very likely probability (Figures 2.2a and 

b). There was a strong consensus on this topic in the examined literature.  

The risk of induced seismicity with ground shaking was examined in the 

literature on all injection fluids and the risk ranges from low to high (Figure 

2.2). There is no agreement on the probability of occurrence. Both the studies on 
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CO2 and wastewater ranked the probability between likely and very likely, 

while the nitrogen literature considered it to be likely, and the methane 

literature unlikely. The impact was not categorised in the methane, nitrogen 

and wastewater literature, because no consequence assessment was made. In 

the CO2 literature, the severity of damage to buildings and nuisance to humans 

was examined, which resulted in a medium impact.  

 Comparison of the assessment approaches 2.6.3
Analysis of the risk assessment stages indicates there is a strong focus on 

defining the system, identifying hazards and consequences, and understanding 

the hazards (Table 2.5). A large number of studies defined pathways between 

hazard causes and consequences for specific receptors, while some studies 

analysed the spread of hazard, however, limited studies evaluated the related 

probability. Insufficient knowledge is observed on the potential pathways of 

hazard spread, such as transport of hazardous agents from the point-of-release 

to a receptor. Moreover, none of studies assessed the probability of a receptor 

being affected by a hazard, which could indicate that the vulnerability of the 

receptor, the potency of the hazard and the amount or extent of exposure are 

not yet well understood.  

In addition, few studies identified appropriate measures of risk and 

corresponding risk thresholds (Table 2.5). Some thresholds were applied, such 

as the threshold for the maximum displacement gradients for masonry 

buildings and steel and concrete (Ferronato et al., 2010; Teatini et al., 2011a), or 

the PGV metric that could be compared to intensity scales for human 

disturbances and damage to buildings (Rutqvist et al., 2014). However, such 

thresholds were not applied by the majority of the studies. This could indicate a 

lack of awareness on available thresholds. In other cases, investigators were 

forced to use hypothetical limits because standards were lacking (Pawar et al., 

2016; Viswanathan et al., 2008). It indicates the need for publicly available, 

standardised thresholds. 
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Table 2.7 Summary of key knowledge gaps 

Fluid Hazards Risks Assessment 
approaches 

CO2 • Lack of knowledge on 
underlying causes of well 
failure, fluid migration, 
caprock failure, reservoir 
compaction and fault 
reactivation 

• Lack of knowledge on 
consequences of leakage 
and induced seismicity 

• Lack of knowledge on 
hazard exposure 

• Lack of knowledge on 
receptor affectability 

• Lack of knowledge on 
impact of leakage to 
surface water, sediments 
and groundwater 

• Appropriate 
thresholds are 
missing and use of 
available thresholds 
is limited 

• Uncertainty in site 
specific parameters 

Methane • Lack of knowledge on 
underlying causes of well 
failure, fluid migration, 
caprock failure, reservoir 
compaction and fault 
reactivation 

• Lack of knowledge on 
consequences of leakage 
and induced seismicity 

• Lack of knowledge on 
hazard exposure 

• Lack of knowledge on 
receptor affectability 

• Lack of knowledge on 
impact of leakage on 
surface water, sediments 
and groundwater, and 
impact of ground shaking 

• Appropriate 
thresholds are 
missing and use of 
available thresholds 
is limited 

• Lack of 
understanding 
parameter 
sensitivity 

• Uncertainty in site 
specific parameters 

Nitrogen • Hazards of leakage and 
reservoir deformation are 
not reported, including 
causes and consequences 

• Lack of knowledge on 
consequence magnitude 

• Lack of knowledge on 
hazard exposure 

• Lack of knowledge on 
receptor affectability 

• Lack of knowledge on 
impact of ground shaking 

• Appropriate 
thresholds are 
missing and use of 
available thresholds 
is limited 

• Uncertainty in site 
specific parameters 

Wastewater • Hazard of reservoir 
deformation is not 
reported, including 
causes and consequences 

• Lack of knowledge on 
causes of well failure and 
caprock failure 

 

• Lack of knowledge on 
hazard occurrence 

• Lack of knowledge on 
hazard exposure 

• Lack of knowledge on 
receptor affectability 

• Lack of knowledge on 
impact of leakage to 
surface water, sediments 
and groundwater, and 
impact of caprock 
deformation and ground 
shaking 

• Appropriate 
thresholds are 
missing and use of 
available thresholds 
is limited 

• Uncertainty in site 
specific parameters 
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In the risk assessments, there is a large uncertainty in many site specific 

parameters, including the in situ stress field, and number and location of wells 

and faults. The uncertainty in these parameters is related to a lack of knowledge 

of the deep subsurface. Another class of uncertain parameters are reservoir 

characteristics such as depth, porosity, permeability, elastic constants and 

friction properties. The uncertain parameters were not the same for all studies 

and also the parameter uncertainty varied, which is connected to the variation 

in the amount and quality of available data on the subsurface and reservoir 

characteristics. The risk assessment studies applied worst-case scenarios or 

pdf’s to deal with this uncertainly or lack of knowledge.  

A large spread in modelling time was found for the different risk assessments 

(Table 2.6). The choice of modelling time strongly depends on the objective of 

the study. Several studies evaluated the injection period and adopted relatively 

short assessment periods (7-50 years). While others modelled the subsequent 

storage period and used modelling times between 100 and 10,000 years. The 

modelling time of 100 or 200 years is considered short for the purpose of 

permanent storage, which has timescales of at least 1,000 years. The differences 

in injection rates and volumes for the different risk assessment (Table 2.6) were 

mainly related to site-specific parameters, such as reservoir size and 

permeability, number of wells, and targeted reservoir pore pressure.    

 Validation by expert workshop 2.6.4

The logic tree was presented during the expert workshop. The overall structure 

of the map was approved and several elements were added. These include 

differential movement across a fault resulting from reservoir deformation, creep 

processes that cause reservoir compaction and loss of life due to ground 

shaking at the surface. 

 Bridging the knowledge gaps and future studies 2.6.5

Table 2.7 provides an overview of identified knowledge gaps. The literature on 

CO2 and methane injection provided the most complete overview of the 

hazards of fluid injection. However, details in underlying causes for well 

failure, fluid migration, caprock failure, reservoir compaction and fault 

reactivation, and consequences of leakage to surface water, sediment and 
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groundwater, and consequences of induced seismicity were missing. These 

were partly supplemented by the literature on nitrogen and wastewater 

injection, and partly by the expert workshop. However, a thorough 

understanding of hazard causes and consequences is lacking and several steps 

can be taken to improve the current knowledge base. For example, 

consequences of leakage can be better understood by analysing natural 

analogue sites (Espinoza et al., 2018; e.g. Fessenden et al., 2009). While 

knowledge on hazard causes can be further developed by incorporating 

laboratory experiments on, for instance, the effect of temperature and pore fluid 

chemistry on fault behaviour (e.g. Hunfeld et al., 2017; Pluymakers et al., 2014b; 

Verberne et al., 2013) or on the strength of reservoir rocks (e.g. Baud et al., 2000; 

Brantut et al., 2013; Hangx et al., 2013; Rohmer et al., 2016). However, it should 

be noted that it remains challenging to upscale laboratory results to the field 

scale (Spiers et al., 2017). 

Analysis of the risks of specific hazard-receptor combinations revealed that for 

most fluids probabilities for hazard occurrence were defined, while there is a 

large uncertainty in the impact of hazards (Table 2.7). This is uncertainty is due 

to a lack of knowledge on hazard exposure and receptor affectability. 

Incorporation of exposure and vulnerability models would reduce the 

uncertainty in impact. To illustrate, models are available to assess the impact of 

seismicity on buildings that take into account the extent of built area and the 

vulnerability of the buildings (Gunasekera et al., 2015). Specific knowledge gaps 

for CO2 injection are the potential consequences of leakage to surface water and 

surface sediments, and the consequences of leakage to groundwater. For 

methane injection, there is a lack of knowledge on the impact of leakage on the 

atmosphere, groundwater, and surface and on the impact of ground shaking. 

Though induced seismicity was the main focus in the literature on nitrogen 

injection, there is a lack of knowledge on the impact of ground shaking. In the 

literature on wastewater injection, more research is needed on the impact of 

leakage to surface water, sediments and groundwater, and on the impact of 

caprock deformation and ground shaking. 

Several knowledge gaps can also be identified based on the assessment 

approaches (Table 2.7). In the risk assessment of all fluids, appropriate 

thresholds were lacking or not applied, probabilities of hazard exposure and 
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receptor affectability were not determined, and site specific parameters were 

unknown or uncertain. In addition, in the methane literature there was a lack of 

understanding on parameter sensitivity. While in the nitrogen assessments 

there was insufficient knowledge of hazard consequences and associated 

magnitudes. Wastewater risk assessments were lacking knowledge on hazard 

occurrence.     

Current studies on the environmental and geological risks of fluid injection into 

hydrocarbon reservoirs primarily focus on individual hazards and risks. 

However, hazards may occur simultaneously affecting the same or different 

receptors, or one hazard may trigger another hazard (Figure 2.1). This requires 

combining exposure and vulnerability models to understand the cumulative 

impact of hazards on a receptor. In addition, there is a need for research on 

cumulative probabilities, incorporating the occurrence of multiple hazards. 

Therefore, a holistic multi-hazard approach is recommended as one of the 

directions for future studies. Coarse multi-hazard frameworks are available 

(e.g. Gill and Malamud, 2017), but detailed frameworks for site-specific analysis 

are needed. These frameworks also need to account for the large amount of 

complex, multidisciplinary data, which is characterised by high levels of 

uncertainty and subjective to interpretation. To avoid biases, these risk 

assessment frameworks must be systematic and transparent, and follow 

predefined assessment schemes (Milkov, 2015).  

In addition, researchers should be aware that both positive and negative biases 

can be introduced in a risk assessment. For example, incorrect upscaling of rock 

properties, especially those that are strongly heterogeneous at the reservoir 

scale, may introduce positive biases (Burnside and Naylor, 2014; Deng et al., 

2012). This may result in an underestimation of the actual risk. On the other 

hand, historical analysis of field cases published in the literature may lead to a 

bias towards hazard occurrences with a large impact, while these are generally 

rare, which affects the probability estimate. Moreover, the societal perception of 

risk can greatly differ from the technical risk (Merz et al., 2009). This may lead 

to risk limits that are too strict, which may impede the development of 

subsurface injection activities.  
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Geo-energy technologies play an indispensable role in the sustainable energy 

transition. Geothermal heat and electricity will probably have an increasing 

share in the future energy mix (Hussain et al., 2017; Shortall et al., 2015). 

Subsurface energy storage, e.g. underground hydrogen storage, compressed air 

energy storage, is essential in facilitating renewable energy integration (Blanco 

and Faaij, 2018). The lessons learned and identified knowledge gaps in this 

work are also applicable to these geo-energy technologies and facilitate the 

decision-making process in designing and implementing strategies and policies 

with less environmental impacts. However, implementation geo-energy 

technologies also require analysis of the operational and economic risks, which 

have not been addressed in this study.  

2.7 Conclusions 

Natural gas, a low-carbon alternative to coal and oil, contributes to the 

sustainable energy transition. However, production-induced reservoir 

compaction causes induced seismicity and surface subsidence, raising the 

concern for sustainable production of natural gas. Injection of fluids into the 

reservoir can potentially mitigate reservoir compaction and has been applied 

worldwide. However, fluid injection is not free of environmental impacts. 

Many studies have been carried out to assess its environmental and geological 

risks. There is a need for having general lessons learned so far and how current 

knowledge can be applied to future geo-energy technologies. The objective of 

this study is to generate a qualitative overview on the environmental and 

geological risks of fluid injection into hydrocarbon reservoirs and further 

provide insights on lessons learned and potential knowledge gaps. This was 

done by reviewing 28 studies that examined the risks of injecting CO2 (eleven 

studies), methane (nine studies), nitrogen (two studies) or wastewater (six 

studies). The process of the review focussed on analysing hazards, categorizing 

risk levels and evaluating assessment approaches.  

Based on reviewing the selected literature, the main hazards of fluid injection 

are leakage, reservoir deformation and induced seismicity. The main causes are 

identified as well failure, fluid migration, permeable fault, caprock failure, 

reservoir compaction and expansion, as well as fault reactivation. The hazards 
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can affect impact receptors of atmosphere, the surface environment, e.g. surface 

sediments and surface water, as well as the subsurface environment, e.g. 

subsurface resources and groundwater. The input for the general logic tree of 

fluid injection was largely derived from the literature on CO2 and methane 

injection. Information on some underlying causes, such as the mechanisms for 

fault reactivation, and new consequence receptors (surface water and 

sediments) originated from the literature on nitrogen and wastewater injection.  

The logic tree explicitly showed the existence of nine hazard-receptor 

combinations. For these combinations a risk level (defined as the product of 

probability and impact) was determined using qualitative terms based on the 

occurrence probabilities and consequence magnitudes reported in the literature 

selected for reviewing. For most hazard-receptor combinations the probability 

was well defined, while there was a large spread in impact due to either the 

existing spread in severity of the potential consequences or a lack of knowledge 

on consequence impacts. Four hazard-receptor combinations were evaluated 

for multiple injection fluids. The risk of leakage to the atmosphere was equal for 

CO2 and methane, though the underlying probability and impact differed. The 

probability of leakage to groundwater was independent of the type of fluid 

injected (CO2, methane and wastewater), though there was a large spread in 

impact level. Identical risk levels were found for reservoir deformation with 

surface displacement due to either CO2 or methane injection. Lastly, induced 

seismicity with ground shaking was assessed for all four fluids. There was no 

consensus on probability and in most cases, except CO2, the impact was 

unknown, because a consequence assessment was lacking. 

The reviewed studies followed the five stages typically present in a risk 

assessment, i.e. site characterisation, hazard analysis, consequence assessment, 

probability assessment, and risk and uncertainty characterisation. However, for 

all fluids there was a strong focus on the first three stages, specifically on 

defining the system, identifying and analysing hazards and identifying 

consequences. The risk assessments on the injection of more mature fluids, i.e. 

CO2 and methane, also evaluated consequence magnitudes and probabilities. In 

the assessments, there was uncertainty in site specific parameters and a large 

range of modelling times was used. The choice of modelling time depended on 

which stages of injection were involved in the study. 
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Combining the literature on fluid injection, there is an extensive overview of the 

hazards, however, knowledge on well failure, fluid migration, caprock failure, 

reservoir compaction and fault reactivation is lacking. In addition, the 

consequences and impact of leakage and induced seismicity are not yet fully 

appraised, which is due to a lack of consequence assessments. Moreover, 

appropriate risk thresholds are not always available and assessment results are 

seldom evaluated against available thresholds. This calls for more research on 

fundamentally understanding hazards occurrence, hazard exposure and 

receptor affectability. Furthermore, there is a need to further investigate the 

probability of multiple hazards occurrence and the corresponding cumulative 

risks. Such research is also valuable for other injection operations, such as 

geothermal energy and underground energy storage, and will contribute to 

sustainable geo-energy resource utilisation. 

Appendix 2.A: Supplementary data 

Table 2.A.1 Participant overview 

Participant Employed at Background 

1 Utrecht University Geo-resources technology assessment 

2 Utrecht University Environmental risk analysis 

3 Utrecht University Rock mechanics 

4 TNO Reservoir mechanics 

5 TNO Subsurface risk analysis 

6 Shell Geophysics 

7 Utrecht University Rock mechanics 

8 Taqa Reservoir mechanics 

9 Shell Reservoir mechanics 

10 Utrecht University Energy system analysis 
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  Chapter 3

Impact of chemical environment on compaction 

behaviour of quartz sands during stress-cycling 
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Abstract 

Decarbonisation of the energy system requires new uses of porous reservoirs in 
the subsurface, where hot porous reservoirs can be utilised as sustainable 
sources of heat and electricity, while depleted ones can be employed to 
temporary store energy or permanently store waste. However, fluid injection 
induces a poro-elastic response of the reservoir rock, as well as a chemical 
response that is not well understood. We conducted uniaxial stress-cycling 
experiments on quartz sand aggregates to investigate the effect of pore fluid 
chemistry on short-term compaction. Two of the tested environments, low-
vacuum (dry) and n-decane, were devoid of water, and the other environments 
included distilled water and five aqueous solutions with dissolved HCl and 
NaOH in various concentrations, covering pH values in the range 1 to 14. In the 
first stress-cycle, 28-64% of the compaction was inelastic, where fluid-saturated 
samples produced more compaction than dry samples. In addition, compaction 
was strongly enhanced in alkaline environments and inhibited in acidic ones, 
compared to distilled water. With prolonged stress-cycling (up to 10 cycles), 
fluid compaction effects disappeared. Acoustic emission data and 
microstructural analyses revealed that microcracking was prevalent in all 
samples. We inferred that crack growth was aided by Si-O bond hydrolysis and 
pH-dependent fluid-solid surface interactions. In addition, crack growth at 
higher number of stress-cycles was likely too slow to produce significant 
inelastic compaction at the time-scale investigated. Our results imply that fluid 
injection into a clean, quartz-rich, porous reservoir could evoke or inhibit 
apparent time-independent inelastic deformation depending on the type of 
fluid injected.  
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3.1 Introduction 

To mitigate climate change, efforts are being made to decarbonise our energy 
system and transition towards low- or zero-carbon energy sources, such as 
renewable energy in the form of wind, solar or water power (DeCastro et al., 
2019; Hauer et al., 2018; Kabir et al., 2018; Moriarty and Honnery, 2016), and 
geothermal energy (Limberger et al., 2018; Shortall et al., 2015). Renewable 
energy can be temporarily stored in geological formations (Mahlia et al., 2014) 
in the form of synthetic fuel (Graves et al., 2011), compressed air (Budt et al., 
2016), or hydrogen (Tarkowski, 2019). Other forms of subsurface storage that 
have an important role to play during the energy transition include seasonal 
storage of low-carbon natural gas (Fang et al., 2016; Juez-Larré et al., 2016), 
short- and long-term storage of captured CO2 (IPCC, 2005; Jiang et al., 2010; 
Underschultz et al., 2011) and permanent disposal of wastewater used in gas 
production (Keranen et al., 2014; Lei et al., 2013). For these reasons, porous 
subsurface reservoirs, such as aquifers and depleted hydrocarbon reservoirs, 
have been receiving more and more attention in recent years, as host rocks for 
injection of all of the above fluids (Chapter 2; Liu and Ramirez, 2017; Schimmel 
et al., 2019b). Injection of a foreign, pressurised fluid, and especially cyclic 
injection and production, will not only bring about changes to the in situ stress 
state, but also in the (local) temperature field and chemical environment. On 
both the short and long-term, these changes may influence the mechanical and 
transport behaviour of the host and seal formations, and hence the performance 
of the subsurface storage complex.  

Injection of a pressurised fluid into a porous reservoir will have a direct effect 
on the state of stress. An increase in pore pressure (��) relative to the 
overburden stress (��) leads to a decrease in the effective vertical stress 
(��,��� = �� − ��) acting on the reservoir rock. This may induce a predictable, 
poro-elastic response, resulting in the expansion of the reservoir rock (Wang, 
2000). Furthermore, alteration of the chemical environment may result in fluid-
rock interactions, potentially impacting inelastic grain-scale deformation 
processes affected by pore fluid chemistry, such as dissolution (Dove, 1999; 
Hajash et al., 1998), microcracking (Chapter 4; Atkinson and Meredith, 1981; 
Brantut et al., 2012; Brzesowsky et al., 2014a; Schimmel et al., 2019a) or pressure 
solution (Dewers and Hajash, 1995; Gratier et al., 2009; Lehner, 1990; Rutter, 
1983; Schutjens, 1991; Spiers et al., 2004). Changes in the rate of these processes 
could affect the mechanical behaviour of the reservoir rock and could, for 
example, lead to compaction of the reservoir. Induced reservoir compaction can 
be the source of unwanted effects, such as induced seismicity and surface 
subsidence (Doornhof et al., 2006; Nagel, 2001; Suckale, 2009). 
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Injection/production cycles may have similar effects, as well as potentially 
producing rock damage phenomena that may lead to changes in reservoir 
behaviour (Heap et al., 2010). However, the chemo-mechanical impact of fluid 
injection and production strongly depends on pore fluid chemistry and on the 
mineralogy of the grains and cement that form the reservoir rock. This means 
that the effects of fluid-rock interactions on reservoir response are much more 
difficult to predict than the direct poro-elastic response to fluid injection or 
production. 

Depleted hydrocarbon reservoir sandstones and sandstone aquifers form key 
targets for CO2 storage (e.g. Gibson-Poole et al., 2008; Heinemann et al., 2012; 
Mao et al., 2014), wastewater storage (Andričević et al., 2009) and geothermal 
energy production (Moeck, 2014). It is well-known that compaction of granular 
quartz, an analogue for reservoir sandstones, is affected by the chemical 
environment. Water-bearing sand samples compact more easily during active 
upward loading than their dry counterparts (Brzesowsky et al., 2014a; Hangx et 
al., 2010a). Similarly, time-dependent (creep) compaction of quartz sand is 
enhanced in wet versus dry samples, and especially in the presence of alkaline 
fluids, whereas it is inhibited in acidic environments (Chapter 4; Hangx et al., 
2010a; Schimmel et al., 2019a). These effects of fluid composition on creep are 
presumably caused by surface interactions between the fluid and the rock-
forming minerals, impacting the rate of stress corrosion cracking of grains and 
grain contacts. However, during injection cycling of the type characterising 
seasonal storage of energy or geothermal energy production, instantaneous or 
short-term effects may be more important than long-term creep phenomena, 
because of the relatively rapid (cyclic) changes in the state of stress. The short-
term (i.e. instantaneous or time-independent) compaction behaviour of quartz 
sand has been investigated in numerous studies employing single-stage loading 
experiments (Chuhan et al., 2003, 2002; DeJong and Christoph, 2009; Hagerty et 
al., 1993; Mesri and Vardhanabhuti, 2009; Nakata et al., 2001a, 2001b; Wang et 
al., 2011; Yamamuro et al., 1996) and stress-cycling experiments (Brzesowsky et 
al., 2014b; Chong and Santamarina, 2016; Monismith et al., 1975; Park and 
Santamarina, 2018; Sawicki and Swidzinski, 1995; Wichtmann et al., 2005). 
However, in most of these studies, the effect of chemical environment was not 
systematically studied and/or the stress range investigated was too low to be 
representative of typical shallow crustal conditions (i.e. up to 100 MPa or 5 km 
depth), falling below the stress level typically required for significant grain 
breakage (Brzesowsky et al., 2011; Zhang et al., 1990).   

The present study investigates the effect of pore fluid chemistry on the short-
term compaction behaviour of quartz sand aggregates, treating these as an 



Stress-cycling behaviour of quartz sands 

61 
 

analogue for clean, highly porous, quartz-rich reservoir sands and sandstone. 
Axial stress-cycling (oedometer) experiments reaching up to 35 MPa were 
performed on sand at 80 °C, simulating typical reservoir conditions at depths of 
2-4 km. Loading rates of 5 MPa/min were used. We systematically tested the 
effect of chemical environment, including a low-vacuum (dry) control 
environment, a chemically inert pure fluid (n-decane), and HCl and NaOH pure 
fluid solutions covering a pH range of 1 to 14. Insight into the deformation 
mechanisms operating at the grain-scale was obtained via acoustic emission 
(AE) counting, and by means of microstructural study and grain size analysis 
applied before and after individual cyclic compaction tests. The tests revealed 
that compaction was for a large part inelastic and that this permanent 
compaction was controlled by microcracking, which was in turn strongly 
influenced by pore fluid chemistry. Wetting with aqueous solutions produced 
more strain compared to conditions devoid of water. Furthermore, permanent 
compaction was enhanced in samples saturated with alkaline solutions and 
inhibited in acidic solutions compared to distilled water-saturated samples. 
These results imply that, in case of injection of an alkaline solution, the initial 
stage of a cyclic injection/production operation has the potential to induce 
enhanced reservoir compaction.  

3.2 Experimental method 

 Sample and pore fluid preparation 3.2.1

The quartz sand used in this study was collected from the Heksenberg 
Formation at the Beaujean Quarry in Heerlen, the Netherlands. Sample material 
was prepared as described in previous work (Brzesowsky et al., 2014b, 2014a, 
2011) and is the same material used by Schimmel et al. (2019a). The sand was 
sieved to obtain a grain size fraction of 196 ± 16 μm. X-ray diffraction analysis 
and inductively coupled plasma emission spectroscopy (ICP-ES) measurements 
on the sieved material indicated a quartz content of >99 wt % with zircon and 
Na-rich feldspar present as principal trace minerals. The feldspar was 
successfully removed by washing in distilled water using a gravitational 
separation technique. The present 1D compaction experiments were conducted 
on 5.01 g samples of the final Beaujean sand material. 

In total, a low-vacuum (dry) control environment and seven pore fluids were 
employed to investigate the effect of chemical environment on the short-term 
cyclic compaction behaviour of quartz sand (Table 3.1). These pore fluids 
included a chemically inert fluid (n-decane) with respect to quartz, distilled  
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Table 3.1 Overview of stress-cycling experiments performed in this study, all at 80 °C 
and up to 35 MPa maximum applied stress.  
Experiment Chemical 

environment 
pH φI 

[%] 
φII 
[%] 

# 
stress-
cycles 

εp 
[%] 

TS or 
GS 
analysis 

D50 
[μm] 

Crack 
density 
[mm-2] 

vac-01 low-vacuum (dry) - 42.3 40.2 5 2.3 - - - 
vac-02 low-vacuum (dry) - 44.4 41.0 5 2.7 TS - 1.52 

vac-03a low-vacuum (dry) - 42.3 40.0 5 2.1 GS 227 - 
vac-04b low-vacuum (dry) - 43.6 40.8 10 3.7 - - - 
dec-01 n-decane - 42.0 39.8 5 2.8 TS - 1.74 

dec-02a n-decane - 42.7 40.1 5 3.2 - - - 
dec-03b n-decane - 43.6 40.6 5 3.2 GS 221 - 
1pH-01 HCl solution 1 41.1 39.2 5 2.2 - - - 

1pH-02a HCl solution 1 42.7 40.0 5 3.1 GS 217 - 
1pH-03b HCl solution 1 43.6 40.6 5 4.0 TS - 2.08 

2.4pH-01b HCl solution 2.4 43.0 40.6 5 3.4 TS - 1.59 
2.4pH-02a HCl solution 2.4 43.9 40.3 5 3.6 GS 220 - 
2.4pH-03 HCl solution 2.4 44.5 41.1 5 4.3 - - - 
4pH-01a HCl solution 4 42.6 39.9 5 3.5 - - - 
4pH-02 HCl solution 4 43.8 40.8 5 4.4 GS 215 - 

4pH-03b HCl solution 4 43.6 40.6 5 4.2 TS - 1.55 
DI-01 distilled water 5.9 43.9 40.9 5 4.2 - - - 
DI-02 distilled water 5.9 43.7 40.8 5 4.5 GS 214 - 
DI-03 distilled water 5.9 43.9 40.8 5 4.4 TS - 2.08 

DI-04b distilled water 5.9 44.0 40.8 10 6.3 - - - 
9pH-01 NaOH solution 9 43.2 40.5 5 3.9 GS 218 - 

9pH-02b* NaOH solution 9 43.4 40.5 5 4.2 TS - 2.06 
9pH-03a NaOH solution 9 42.3 40.1 5 3.6 - - - 
14pH-01 NaOH solution 14 43.6 40.3 5 5.8 - - - 

14pH-02a NaOH solution 14 43.1 40.2 5 5.4 TS - 2.22 
14pH-03b NaOH solution 14 43.6 40.4 5 5.6 GS 212 - 

Note. φI denotes porosity at the start of stage I pre-compaction at low-vacuum (dry) conditions, 

φII is the porosity at the start of Stage II stress-cycling, εp is the total permanent strain 

accumulated during Stage II stress-cycling, TS and GS indicate samples used for thin section 

preparation or grain size analysis, respectively, either resulting in a crack density or a value for 

mean grain size (D50). a Representative experiments within porosity range 39.9-40.3% (Group 

A). b Representative experiments within porosity range 40.4-40.8% (Group B). *No AEs were 

recorded for this sample during Stage I. 

water, three HCl solutions (pH 1, 2.4 and 4) and two NaOH solutions (pH 9 and 
14). Low-vacuum (dry) conditions were obtained by evacuating the sample 
before and during mechanical testing, using a single-stage rotary vacuum 
pump (Figure 3.1a). The n-decane used was commercially available analytical 
reagent grade. The acid solutions of pH 1, pH 2.4 and pH 4 were prepared by 
diluting fixed quantities of hydrochloric acid (HCl) in distilled water. The 
alkaline solutions of pH 9 and pH 14 were prepared by diluting a fixed quantity 
of sodium hydroxide (NaOH) in distilled water. All aqueous solutions were 
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thoroughly stirred for approximately and left to equilibrate for at least five days 
prior to use. After equilibration, each solution was heated to 80 °C and the 
solution pH determined at the experimental temperature using a portable pH 
meter.  

 Experimental set-up and acoustic emission monitoring system 3.2.2
The stress-cycling experiments were performed in a uniaxial (1D) compaction 
vessel (oedometer), loaded using an Instron 8862 servo-controlled loading 
frame (Figures 3.1b and c). The compaction vessel is modified from the vessel 
originally described by Schutjens (1991), and later by other workers 
(Brzesowsky et al., 2014a, 2014b; Hangx et al., 2010a; Schimmel et al., 2019a). 
The vessel and loading pistons are constructed from corrosion resistant Monel 
K-500, a copper-nickel-molybdenum alloy. The bottom piston and vessel are 
secured on the loading frame. The top piston contains a pore fluid bore, 
allowing both evacuation of the sample and injection of a pore fluid. The sand 
sample fills the bore of the vessel (20 mm diameter) between the upper and 
lower pistons, having an initial height of approximately 10 mm. A 1 mm thick, 
porous, stainless steel plate between the top piston and sample ensures equal 
distribution of fluid over the sample cross-sectional area upon injection. In 
addition, it prevents grains from entering and clogging the pore fluid bore. Both 
the top and bottom piston are sealed against the vessel wall using EPDM O-
rings. Sample evacuation and fluid introduction are achieved via the pore fluid 
system, consisting of a vacuum pump and a Drechsel bottle (Figure 3.1a). For 
evacuation of the sample, the vacuum pump is connected to the sample via the 
Drechsel bottle. In addition, the Drechsel bottle is used for flooding the sample 
with pore fluids.  

Axial force, displacement and temperature are controlled and measured 
throughout the experiment. Force is applied by advancing the Instron loading 
ramp. Force is measured externally using the Instron load cell (0-100 kN range, 
resolution ± 0.05 kN) and using an internal load cell (0-100 kN range, resolution 
± 0.05 kN) located in the top part of the bottom piston. Piston position and 
displacement are measured using linear variable differential transformers 
(LVDT) located in the Instron drive unit (± 50 mm range, resolution ± 0.25 μm) 
and a Sangamo LVDT (± 1 mm range, resolution ± 0.1 μm) located between the 
upper piston and the vessel (Figure 3.1c). A furnace allows controlled heating of 
the sample with ± 0.5 °C accuracy using a K-type chromel-alumel control 
thermocouple. This thermocouple is positioned within the furnace windings 
and connected to a proportional-integral-derivative (PID) controller. A second 
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K-type thermocouple, embedded in the vessel wall adjacent to the sample, 
independently measures sample temperature.  

In addition, the experimental set-up is equipped with an acoustic emission (AE) 
monitoring system that detects and counts AEs produced by the compacting 
sample. The AE events are detected using a ceramic piezoelectric resonator, 
mounted externally on the top piston (Figure 3.1c). The resulting signal passes 
through a precision preamplifier (36 dB gain) and a multistage signal 
conditioning system (24 dB gain). A 100 kHz to 1 MHz band-pass filter is 
applied to eliminate low frequency interference and sensor resonance effects. 
Lastly, a two-counter channel with a constant trigger-threshold of 200 mV, 
which is just above the noise level, discriminates and counts the incoming AE 
events. Pulse stretching times (PST) of 1000 μs and 500 μs are set for each 
counter, to check for wave pocket arrival-bouncing effects and counter 
saturation. In case of discrete events, the count rates from the two channels 
should be identical. 

 

 

Figure 3.1 Overview of the experimental set-up used in this study. (a) Pore fluid system 
with Drechsel bottle and vacuum pump. (b) Instron servo-controlled loading frame 
employed with a 100 kN load cell and (c) compaction vessel. 
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 Experimental procedure 3.2.3

Vessel assembly was conducted outside the Instron frame, first mounting the 
compaction vessel on its lower piston. A 10 mm high stainless steel spacer was 
then inserted into the vessel, to position the sample in the middle of the vessel. 
Subsequently, a Teflon liner (10 mm high, 50 μm thick), sprayed with Molykote 
D-312R and dried for at least one hour, was emplaced to reduce friction 
between the sand sample and vessel wall. The sample material was then 
funnelled into the vessel and the porous steel plate was carefully placed on top 
of the sample using a guiding rod. The furnace and top piston were 
subsequently added and the entire assembly located into the Instron loading 
frame.  

In preparation for each experiment, the sample was heated to the target 
temperature of 80 °C, while simultaneously evacuating the sample assembly. 
After stabilisation at 80 °C, which took approximately 1.5 hrs, each sample was 
pre-compacted by stress-cycling, while continuously evacuating (Stage I, Figure 
3.2). First, a small stress of 0.3 MPa (equivalent to a force of 0.1 kN) was applied 
to the sample. The applied stress was then cycled at a constant stress rate of 
5 MPa/min following the sequence shown in Figure 3.2 (i.e. 0.3 – 5 – 0.3 – 15 –
 0.3 – 25 – 0.3 – 35 – 0.3 MPa). The start of Stage I stress-cycling (tI = 0) is defined 
as the moment this loading sequence was initiated (Figure 3.2). The aim of Stage 
I stress-cycling was to condition each sample such that the variability in 
porosity between different samples was reduced in preparation for subsequent 
testing. This was done because compaction of sand aggregates is highly 
sensitive to the initial microstructure (Brzesowsky et al., 2014a; Hangx et al., 
2010a).  

After pre-compaction, a second stage of stress-cycling (Stage II) ensued, where 
the stress was cycled between 0.3 and 35 MPa in five or ten cycles at a constant 
stress rate of 5 MPa/min (Table 3.1). The start of Stage II stress-cycling (tII = 0) is 
defined as the moment the second loading ramp was initiated (Figure 3.2). This 
stage was performed either at evacuated (dry) or fluid-saturated conditions. For 
low-vacuum (dry) experiments, evacuation continued throughout the 
experiment duration. For fluid-saturated conditions, the pore fluid was 
introduced prior to the start of Stage II stress-cycling by vacuum-flooding the 
sample at 0.3 MPa applied stress (Figure 3.2). The pore fluid pressure was 
maintained at atmospheric pressure by drainage to air, so that all axial stresses 
quoted above are effective stresses. For each environment, three to four repeat 
experiments were conducted to ensure reproducibility of the results (Table 3.1).  
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Figure 3.2 Experimental procedure employed in this study, consisting of two stages of 
stress-cycling. Stress-cycling in Stage I is under low-vacuum (dry) conditions for all 
experiments and commences at tI = 0. Stage II starts at tII = 0 and is either at low-vacuum 
or fluid-saturated conditions and includes either five (as shown) or ten stress-cycles (not 
shown). Note that for fluid-saturated experiments, fluid was introduced prior to the start 
of the first cycle of Stage II, i.e. before tII. The applied stress is the stress measured by the 
external load cell. 

After the second stress-cycling stage, the experiment was stopped. The 
experiment was terminated by completely unloading the sample and switching 
off the furnace. In case of the low-vacuum (dry) experiments, subsequently the 
vacuum was removed. The sample was then allowed to cool to room 
temperature, followed by removal of the assembly from the Instron loading 
frame. The sample and Teflon liner were, subsequently, gently pushed out of 
the vessel into a container using a glass piston. Samples tested with pore fluids 
were wet and cohesive due to capillary forces, so remained intact during 
extraction. Dry samples were vacuum-flooded with distilled water prior to 
removal, allowing for intact extraction. As this vacuum-flooding occurred 
under near-zero applied stress, no effect of flooding on the sample 
microstructure is expected. All samples, surrounded by their Teflon liner, were 
subsequently placed in an oven at 50 °C to dry for a minimum of five days prior 
to preparation for microstructural analysis.  
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 Data acquisition and processing 3.2.4

Throughout each experiment, external Instron load, internal load, Instron LVDT 
position, Sangamo LVDT position, sample temperature and cumulative number 
of acoustic emission counts were logged at an interval of one second. Applied 
axial stress and effective axial stress were calculated from the external Instron 
load and internal load data. Friction between the top piston seal and vessel wall 
was negligible for these experiments (< 0.6 MPa). However, comparison of 
external and internal load cell data demonstrated significant friction at the 
sample-vessel interface, despite measures to reduce friction between the sand 
sample and vessel wall. At the maximum applied stress, the stress measured by 
the internal load cell varied between 75.4 and 86.0% of the applied stress. The 
sample stress, i.e. the average of the internally and externally measured stress, 
therefore reflects the average stress state in each sample. The spread in sample 
stress between the different samples varied with applied stress, i.e. at the 
maximum applied stress the sample stress was 31.7 ± 0.7 MPa (± 2.2%), while at 
5 MPa applied stress a sample stress of 4.3 ± 0.4 MPa (± 9.3%) was found for all 
samples.  

The length of the sample at the start of Stage I and Stage II stress-cycling, i.e. the 
sample length at tI or tII (Figure 3.2), was determined by comparing the Instron 
LVDT position to an empty vessel reference point, at the same applied stress of 
0.3 MPa. The Sangamo LVDT displacement data was corrected for elastic 
machine distortion using a predefined, eighth order polynomial determined 
from machine calibrations on the experimental set-up without a sample. 
Instantaneous volumetric strain, defined as �� =  − ∆� ��⁄ , was calculated from 
the corrected Sangamo LVDT displacement data, where �� is the length of the 
sample at the start of Stage I or Stage II stress-cycling and ∆� is the change in 
length at any subsequent instant.  

In addition, to investigate the strain response to increasing the applied stress, 
the sample stiffness per upward stress increment was determined, following 
Chuhan et al. (2003). The sample stiffness or constrained modulus is defined as 
� = ∆� ∆��⁄  and was determined for small increments in sample stress ∆� and 
the resulting incremental volumetric strain ∆��. � was calculated by 
performing a least-squares inversion over a variable strain window centred 
around each individual stress data point. The window size was based on a set 
tolerance for the strain of 1%, such that the error in the sample stiffness was 
always ≤ 1.6%. 
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 Analytical and microstructural methods 3.2.5

After the experiments, grain size, microstructural and crack density analyses 
were performed on selected samples (Table 3.1). Grain size analysis on 1 g 
portions of selected samples and on undeformed starting material was 
performed using a Malvern laser diffraction particle sizer. This allowed 
determination of the average grain size and grain size distribution before and 
after deformation. Despite the fact that laser particle size analysis systematically 
overestimates grain size by approximately 25%, due to fines adhering to coarse 
grains (Hangx et al., 2010a; Pluymakers et al., 2014a), the results are preferred 
here over optical analysis as they avoid stereological uncertainty inherent to 2D 
section study and sample a larger grain population. 

Samples selected for microstructural and crack density analyses were 
impregnated with a low-viscosity, blue-dyed (Oil Blue organic dye, DuPont), 
epoxy resin (Araldite 2020) after drying. The blue-dyed resin resulted in a clear 
distinction between pores and quartz grains. Thin sections were cut parallel to 
the loading axis and analysed using transmitted light microscopy. Micrograph 
mosaics (50 x magnification) covering the entire thin section, with a typical 
dimension of 18 by 6 mm, were obtained for crack density analysis. The 
micrograph of a sample extracted immediately after Stage I covered a slightly 
smaller area (13.3 by 6.6 mm). 

Crack density analysis involved manual tracing and counting of cracks. 
Partially through-going cracks with clear ingress of blue epoxy were counted. 
In addition, cracks were included that resulted in the breaking of grains into 
two or three fragments. These fragments were interpreted to originate from the 
same grain based on colour, shape and fragment position. Small fragments, 
resulting from grain shattering or chipping, were excluded from the analysis. 
This method of crack determination most likely led to an underestimation of the 
actual number of cracks, but provided a basis to compare crack densities from 
different samples. Subsequently, crack density, defined as the number of crack 
per area [mm-2], was calculated. In some samples, air bubbles, scratches and 
other types of damage of the thin section prevented counting of cracks over the 
entire imaged area. In these cases, the size of the uncountable areas was 
determined and subtracted from the total area before calculating the crack 
density. For most samples, an area between 105 and 108 mm2 was analysed. For 
the selected NaOH pH 14 experiment (14pH-02) and a sample extracted after 
Stage I, cracks were counted over an area of 79 mm2 and 87 mm2, respectively.          
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3.3 Results 

 Stage I pre-compaction at low-vacuum (dry) conditions 3.3.1
All samples were pre-compacted in Stage I by means of stress-cycling at low-
vacuum (dry) conditions. To illustrate the mechanical and acoustic data of this 
stage, the data of two representative experiments (i.e. vac-04 and DI-04) are 
presented in Figures 3.3a and b. Compactive strain and cumulative AE count 
increased with each successive stress-cycle. By the end of pre-compaction, more 
permanent strain was produced in the high porosity sample (DI-04, φI = 44.0%) 
compared to the low porosity one (vac-04, φI = 43.6%), i.e. 5.6% strain compared 
to 4.5% strain. In both samples, approximately 110,000 AEs were measured. A 
similar strain and AE response to stress-cycling during pre-compaction was 
observed for the other samples. 

For all samples, an overview of the total and permanent strain and cumulative 
AE count developed during Stage I pre-compaction is presented as a function of 
porosity prior to pre-compaction in Figure 3.3c. For the entire sample suite, 
permanent strain resulting from pre-compaction varied between 3.1 and 6.2%, 
reflecting 65-78% of the total strain. Strain was accompanied by AE activity, 
varying between approximately 90,000 and 112,000 events for all samples, and 
both strain and AE count increased with sample porosity. The effect of porosity 
on sample compaction is made more explicit in Figure 3.3d.  Pre-compaction 
reduced individual sample porosity by 1.9-3.7% (see contours Figure 3.3d), 
reducing the overall porosity range of the sample suite from 43.0 ± 1.6% to 40.2 
± 1.0%. The high porosity samples thereby had a relatively stronger reduction in 
porosity than the low porosity samples.  

 Stage II stress-cycling behaviour 3.3.2

3.3.2.1 Aggregate compaction at low-vacuum (dry) conditions 

Typical results of Stage II stress-cycling are presented in Figure 3.4, which 
shows two experiments conducted at low-vacuum (dry) conditions, i.e. vac-03 
and vac-04, that were stress-cycled five and ten times, respectively. In all 
experiments, strain accumulated during each stress-cycle, which was only 
partly recovered during unloading, i.e. 57-60% of the total compactive 
displacement measured after five stress-cycles was inelastic (Figures 3.4a and 
b). Overall, it could be observed that, during stress-increase, the stress-strain 
curve transitioned from being initially quasi-linear to becoming concave 
downward near the peak stress (Figure 3.4b). With each subsequent cycle the 
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stress-strain curve became more linear, as well as steeper. Unloading after peak 
stress, resulted in an initially steep (almost vertical) stress-strain curve that 
transitioned into a gentler slope with decreasing stress. This unloading 
behaviour was similar for each stress-cycle. 

 

 

Figure 3.3 Typical results of Stage I pre-compaction at 80 °C and low-vacuum (dry) 
conditions. (a) Applied stress versus strain and (b) cumulative AE count versus strain 
plotted for two representative experiments, i.e. vac-04 and DI0-4, with starting porosities 
(φI) of 43.6% and 44.0%, respectively. (c) Total AE count, and total and permanent strain 
accumulated during Stage I for all samples. (d) Porosity reduction during Stage I for all 
samples. In (d), iso-porosity-reduction lines reflect 4%, 3% and 2% absolute change in 
porosity.   
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Furthermore, a clear effect of sample porosity (i.e. porosity after Stage I pre-
compaction) on the amount of compaction could be discerned, as illustrated by 
the two dry experiments with different sample porosities presented in Figure 
3.4. In the low porosity sample (vac-03, φII = 40.0%), 0.7% permanent or inelastic 
strain was measured after the first stress-cycle, while in the high porosity 
sample (vac-04, φII = 40.8%) 0.9% inelastic compaction was observed. Each 
successive cycle led to more total strain with systematically more total and 
inelastic strain developing in the high porosity sample, though the amount of 
permanent strain decreased with each cycle. At the end of the fifth stress-cycle, 
the cumulative inelastic strain amounted to 2.1 and 2.6% for the low and high 
porosity sample, respectively. Continued stress-cycling produced 3.7% of 
inelastic strain after ten cycles.  

In all experiments performed, compaction was associated with acoustic 
emissions, as illustrated in Figure 3.4c for the selected samples. During the 
initial quasi-linear loading phase, relatively few AEs were counted. However, 
once the stress-strain behaviour deviated from quasi-linearity, a rapid increase 
in cumulative AE count was observed, i.e. at approximately 2% strain during 
the first cycle (cf. Figure 3.4b and c). In each subsequent stress-cycle, the AE 
count rapidly increased once the maximum amount of strain obtained in the 
previous cycle was exceeded. Unloading also produced a small number of AEs, 
especially in the first few cycles. In line with the effect of porosity on strain, in 
the low porosity sample (vac-03) approximately 27,000 events were counted 
during the first stress-cycle, compared to approximately 32,000 events in the 
high porosity sample (vac-04). With each successive cycle the number of newly 
accumulated AEs decreased. After the fifth stress-cycle, total cumulative AE 
count increased to approximately 72,000 and 87,000 for the low and high 
porosity sample, respectively. After the tenth stress-cycle, 113,000 AE events 
were measured for sample vac-04. Similar trends in strain and AE were shown 
by all samples tested. 
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Figure 3.4 Typical results of 
Stage II stress-cycling at 80 °C. 
(a) Strain versus time, (b) 
applied stress versus strain, and 
(c) cumulative AE count versus 
total strain plotted for two low-
vacuum (dry) experiments vac-
03 (φII = 40.0%) and vac-04 (φII = 
40.8%). Vac-04 was stress-cycled 
ten times. Zero strain and AE 
reference is at the start of Stage 
II. 
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Figure 3.5 (a and b) Total strain, (c and d) elastic strain, (e and f) permanent strain and (g 
and h) cumulative AE count per stress-cycle (i.e. zero strain and AE reference at the start 
of each stress-cycle) versus pH for porosity Group A (39.9-40.3%) and B (40.4-40.8%). 
Note the difference in scale between total, elastic and permanent strain. In (e and f) and 
(g and h), the total permanent strain and total cumulative AE count over the five stress-
cycles with respect to the start of Stage II is added, respectively.  
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3.3.2.1.1 Total, elastic and permanent strain per stress-cycle 

Pre-compaction (Stage I) and the data presented in Section 3.3.2.1 showed that 
compaction behaviour strongly depends on sample porosity (cf. Section 3.3.1), 
as also demonstrated by previous studies (Brzesowsky et al., 2014b; Chuhan et 
al., 2003; Nakata et al., 2001b). Therefore, to exclude porosity effects, the Stage II 
results are grouped according to: Group A with porosities in the range 39.9-
40.3%, and Group B with porosities in the range 40.4-40.8% (see Table 3.1). Note 
that for each group, all chemical environments are represented, with the 
exception of the distilled water environment in Group A. In addition, stress-
cycling of two samples in Group B (vac-04 and DI-04) continued up to ten 
cycles. 

From the unloading data obtained during Stage II runs, it was possible to 
resolve the amount of inelastic compaction, allowing the plotting of total, elastic 
and permanent strain per stress-cycle as done in Figure 3.5. In this case, the zero 
reference is at the start of each stress-cycle. In all experiments, the three strain 
types decreased with successive cycling, i.e. less additional strain was 
accumulated with each subsequent stress-cycle. In addition, the high porosity 
samples generally produced more total, elastic and permanent strain. In the 
low-vacuum (dry) environment, 2.5-2.8% total strain was accumulated in the 
first stress-cycle, which reduced to 1.9-2.0% total strain by the fifth cycle 
(Figures 3.5a-b). By contrast, the amount of elastic strain per stress-cycle 
decreased only slightly from 1.8 to 1.6-1.7% (Figures 3.5c-d). Furthermore, over 
the course of the five stress-cycles, the contribution of permanent strain 
decreased from 0.7-0.9% in the first stress-cycle to ~0.3% in the fifth stress-cycle 
(Figures 3.5e-f). Continued stress-cycling further reduced the strain 
accumulated per cycle, i.e. 1.7, 1.5 and ~0.3% total, elastic and permanent strain 
was measured in the tenth cycle, respectively. 

3.3.2.1.2 AE activity 

Similar to the trends observed in strain, cumulative AE count per stress-cycle 
significantly decreased with increasing cycle number for all experiments. In 
addition, the AE count was overall higher in the more porous sample (vac-04). 
In the first stress-cycle, 27,000-32,000 AEs were measured in low-vacuum (dry) 
conditions, which reduced to 7,000-8,000 counts per cycle in the fifth stress-
cycle (Figures 3.5g-h). In the tenth stress-cycle, only 4,000 AEs were measured. 
In Figure 3.6, the cumulative AE count is plotted as a function of cumulative 
permanent strain (i.e. with respect to the start of Stage II), showing the increase 
of these quantities per stress-cycle. For both the low and high porosity sample, 
the data can be approximated by a slope 32,000 AEs/% permanent strain for the 
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first five stress-cycles. At higher stress-cycles, the slope becomes less steep 
(Figure 3.6b).  

3.3.2.1.3 Aggregate stiffness 

The sample stiffness or constrained modulus (�) was not constant during 
loading (Figures 3.7a-b). During loading in the first stress-cycle, � steadily 
increased from 0.6-0.7 GPa for low-vacuum (dry) samples, with an inflection 
point around 10 MPa, until reaching a peak value of 1.6-1.7 GPa at 
approximately 15 MPa sample stress. After attaining the peak value, � 
decreased with increasing stress, to a value slightly higher than the stiffness at 
the start of the cycle (1.0-1.1 GPa). With each subsequent cycle, the initial 
stiffness, i.e. at near-zero applied stress, increased only slightly. However, the 
peak and final stiffness increased significantly with more cycles, to a peak �-
value of 2.1-2.2 GPa and a final �-value of 1.6-1.9 GPa in the fifth cycle. 
Furthermore, as the number of cycles increased, � remained approximately 
constant upon reaching the peak value, before decreasing again. By the end of 
the fifth cycle, the stress range over which � remained near-constant spanned 
roughly 15-26 MPa. In the tenth stress-cycle, peak stiffness had increased to 2.4 
GPa (Figure 3.7b). Interestingly, AEs were not measured directly at the start of 
loading, but started to accumulate after approximately 10 MPa sample stress in 
the first stress-cycle and significantly increased after approximately 15 MPa 
sample stress (Figures 3.7c-d). With repeated stress-cycling, the initiation of AE 
activity shifted to higher stresses. 

 
Figure 3.6 (a and b) Cumulative AE count versus cumulative permanent strain for 
porosity Group A (39.9-40.3%) and B (40.4-40.8%). 
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Figure 3.7 (a and b) Sample stiffness or constrained modulus (�) versus sample stress 
for the low-vacuum (dry) and 4 pH HCl solution experiment in Group A, and low-
vacuum (dry) and distilled water experiment in Group B. Only the first and fifth, and, in 
case of Group B, the tenth cycle are shown. (c and d) Cumulative AE count during 
loading versus sample stress for the low-vacuum (dry) and 4 pH HCl solution 
experiments in Group A, and low-vacuum (dry) and distilled water experiment in group 
B. Only the first and fifth, and, in case of Group B, the tenth cycle are shown. 

3.3.2.2 The effect of chemical environment on aggregate compaction 

The samples saturated with fluids showed qualitatively the same compaction 
behaviour as the low-vacuum (dry) samples described in Section 3.3.2.1. 
However, quantitatively there were some marked differences, which can be 
attributed to the chemical environment. Samples saturated with fluids 
produced more total and permanent strain than their dry counterparts of 
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similar porosity. This effect was most pronounced in the first stress-cycle 
(Figures 3.5a-b and 3.5e-f). Flooding with the most alkaline fluid (pH 14 NaOH 
solution) produced the largest increase in strain, i.e. 4.0-4.2% total strain 
(Figures 3.5a-b) of which 2.5-2.7% was permanent (Figures 3.5e-f). By contrast, 
non-aqueous (n-decane) or highly acidic (pH 1 or pH 2.4 HCl solution) 
environments showed only 2.8-3.0% total strain, of which 0.9-1.2% was 
permanent. The chemical environments with intermediate pH values showed 
permanent strain values that clearly fall within these two extremes, suggesting 
that permanent strain roughly relates to fluid pH, increasing with increasing 
pH. With each subsequent stress-cycle the spread in total and permanent strain 
initially observed between the different chemical environments diminished. 
Though in the fifth stress-cycle the fluid-rich environments still induced more 
total and permanent compaction compared to low-vacuum (dry) conditions, the 
effect of individual fluids was nearly-indiscernible. 

Contrary, the elastic strain accumulated per stress-cycle appeared to be 
relatively insensitive to chemical environment (Figures 3.5c-d). The largest 
elastic strains were measured in samples saturated with n-decane 
(approximately 1.9% in the first cycle), while the smallest elastic strains were 
measured in pH 14 NaOH-saturated samples (approximately 1.5% in the first 
cycle). For the other chemical environments, elastic strain values between these 
outer bounds were observed, showing no clear dependence with respect to 
fluid composition. This led to the range of elastic strains being 1.4-1.7% by the 
end of the fifth cycle. Furthermore, elastic strain appeared to be near-
independent of sample porosity, as the two porosity groups yielded similar 
elastic strain values (c.f. Figures 3.5c and d). 

3.3.2.2.1 AE activity 

For most fluids, fluid-saturated samples produced more AEs than dry samples, 
which was again most pronounced in the first stress-cycle. Exceptions were the 
samples saturated with an inert pore fluid (n-decane; 28,000-29,000 AEs) and 
highly alkaline solution (pH 14 NaOH solution; 32,000-37,000 AEs), producing 
less AEs than the dry samples (Figures 3.5g-h). The samples saturated with the 
remaining fluids, i.e. fluids in the pH range 1-9, produced approximately 
54,000-63,000 AEs, with no clear dependency on fluid pH. With each 
subsequent stress-cycle, the number of AEs counted decreased, as did the 
difference between the various fluids. Plotting cumulative AE count versus 
cumulative permanent strain (i.e. with respect to the start of Stage II) revealed 
that significantly more AEs were produced per permanent strain increase in the 
samples saturated with aqueous solutions in the pH range 1-9, i.e. between 
36,000 and 53,000 AEs per percent permanent strain, than in the dry samples 
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that were characterised by a slope of 32,000 AEs/% permanent strain (Figure 
3.6). Notably, even smaller slopes were observed in the n-decane-saturated 
samples and the samples saturated with the most alkaline fluid (pH 14 NaOH 
solution), i.e. slopes of 18,000 and 5,000-14,000 AEs/% permanent strain, 
respectively. Similar to observations for the dry samples, in the fluid-saturated 
samples AE activity in the first stress-cycle initiated around 10 MPa sample 
stress and significantly increased around 15 MPa stress. The onset of AE 
activity shifted to higher stresses with successive cycling (Figure 3.7c-d). 

3.3.2.2.2 Aggregate stiffness 

Qualitatively similar trends in aggregate stiffness were found in the fluid-
saturated samples compared to the dry ones. However, quantitatively some 
differences were observed (Figure 3.7a-b). Overall, � was lower and, 
consequently, the peak stiffness was lower for the fluid-saturated samples 
compared to the dry ones. With increased stress-cycling the difference in � 
became smaller for the different chemical environments and eventually 
vanished in the tenth stress-cycle. The peak stiffness values of the samples 
saturated with pH 4 HCl solution and distilled water were 1.2-1.4 GPa in the 
first stress-cycle, increasing to 2.0-2.1 GPa during the fifth cycle. In the tenth 
stress-cycle, � of the water-wet sample was slightly higher than the dry sample, 
with a nearly-indiscernible peak stiffness of 2.5 GPa.  

 

 
Figure 3.8 (a) Grain size distribution for selected samples and undeformed material. The 
inset in (a) shows the mean grain size (D50) values for different chemical environments. 
(b) Mean grain size and crack density versus pH of selected samples.  
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Figure 3.9 Microstructures of a selection of samples spanning the whole of the tested pH 
spectrum, including (a) low-vacuum (dry) conditions, (b) n-decane fluid, (c) distilled 
water and (d) pH 9 NaOH solution. Cracks are indicated by arrows, where “ti” and “pi” 
indicate through-going and partial intragranular cracks, respectively. Dashed ellipses 
indicate areas with grain-to-grain contact crushing. The loading direction is vertical.  

 Microstructural observations 3.3.3

3.3.3.1 General observations 

The undeformed material consisted of sub-rounded grains with a narrow grain 
size distribution and a mean grain size (D50) of 245 μm (Figure 3.8a). As a 
baseline, a thin section of a sample subjected to only Stage I pre-compaction 
was prepared for crack density analysis, which yielded a crack density of 0.94 
mm-2 (Figure 3.8b). In all samples subjected to Stage II stress-cycling, the overall 
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grain size decreased, producing fine material (< 100 μm), and the crack density 
increased (Figure 3.8). Numerous cracks, which were evenly distributed 
throughout the sample, were observed in all samples. Intragranular cracks were 
seen within grains, resulting in grain failure (Figure 3.9). Furthermore, 
interference of cracks was observed (see Figures 3.9a, c and d), as well as 
multiple cracks emerging from the same grain-to-grain contact area (Figures 
3.9c and d). Some chipped grains were distinguished. Small grain fragments 
were prevalent in all samples, which commonly clustered around grain-to-grain 
contacts (dashed ellipses in Figures 3.9b and d), suggesting contact crushing, 
though no attempts were made to quantify the number of cracks in these 
contact regions.  

It should be noted that all samples remained cohesionless, even after ten stress-
cycles, with the exception of samples saturated with pH 14 NaOH solution. 
Upon retrieval, these samples were slightly cohesive and the grains appeared 
lightly cemented, though cementation was not evident from the thin section 
and no dissolution-precipitation features could be recognised. 

3.3.3.2 Effects of chemical environment on grain size and crack density 

Stress-cycling at low-vacuum (dry) conditions resulted in a decreased mean 
grain size of 227 μm (i.e. a 7% decrease in mean grain size; Figure 3.8), along 
with an increase in crack density to 1.52 mm-2 (Figure 3.8b). As also suggested 
by the AE data, the presence of fluids led to a further decrease in mean grain 
size and a concomitant increase in crack density (Figure 3.8). Compared to dry 
compacted material, grain size reduction in the inert fluid environment (n-
decane) amounted to a 10% decrease in mean grain size (D50-value of 221 μm), 
and resulted in a crack density of 1.74 mm-2. The presence of aqueous fluids led 
to more grain size reduction and increased crack densities. The largest grain 
size reduction (13% reduction; D50 = 212 μm) and increase in crack density (2.22 
mm-2) were observed in the pH 14 NaOH solution experiment. The degree of 
grain size reduction diminished with decreasing solution pH, i.e. 13, 12, 10 and 
11% grain size reduction was measured in the samples saturated with distilled 
water, pH 4 HCl solution, pH 2.4 HCl solution and pH 1 HCl solution, 
respectively (see inset Figure 3.8a and Figure 3.8b). However, the D50 of 218 
μm (11% reduction) determined from the sample flooded with pH 9 NaOH 
solution fell outside this pH trend. The experiments conducted with low pH 
HCl solutions, pH 2.4 and pH 4, were characterised by relatively low crack 
densities of 1.59 mm-2 and 1.55 mm-2, respectively (Figure 3.8b). By contrast, the 
pH 1 HCl, distilled water and pH 9 NaOH solution experiments had higher 
crack densities of 2.08 mm-2, 2.08 mm-2 and 2.06 mm-2, respectively. Overall, the 
samples saturated with aqueous solutions showed a minimum in grain size 
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reduction and crack density at pH 2.4, increasing with higher/lower solution 
pH. Hence, the microstructural observations agree well with total permanent 
strain accumulated during each experiment (cf. Figure 3.5e-f and Figure 3.8b).  

3.4 Discussion 

The present Stage I and Stage II stress-cycling experiments on quartz sand up to 
35 MPa showed that compaction strongly depends on initial sample porosity, 
but even more so on chemical environment. Wetting of quartz sand resulted in 
more compaction and a higher AE count compared to stress-cycling at low-
vacuum (dry) conditions, with more pronounced effects in the presence of 
aqueous solutions, compared to inert fluid. Moreover, alkaline solutions 
appeared to induce more compaction than samples compacted in the presence 
of acidic solutions. However, this pH effect was most pronounced in the first 
stress-cycle and diminished with each subsequent cycle. During the first stress-
cycle, 28-64% of the measured compaction was permanent, which decreased to 
16-25% by the fifth stress-cycle. The amount of elastic deformation only slightly 
decreased during stress-cycling. The progressive compaction of the sand 
aggregates resulted in an increase in peak sample stiffness over multiple stress-
cycles. In addition, during loading, the sample stiffness increased to a peak 
value at 15 MPa sample stress and reduced again in the first stress-cycle, but 
remain constant after reaching the peak value in later stress-cycles. Grain size 
and crack density analysis clearly indicated that grain breakage resulted in 
grain size reduction. Moreover, grain size reduction and crack density were 
more pronounced in fluid-saturated samples compared to dry ones, and 
intensified with increasing solution pH.  

In the following, we will first discuss the processes controlling deformation 
during cyclic loading, which includes a discussion on the sample stiffness 
during loading. Then, we will interpret the observed effects of chemical 
environment on compactive strain in light of fracture mechanics theory. Lastly, 
the implications of our observations for several cyclic injection scenarios are 
discussed. 

 Porosity reduction during Stage I stress-cycling at low-vacuum (dry) 3.4.1

conditions 

Stage I pre-compaction stress-cycling reduced sample porosity via, presumably, 
intergranular sliding, grain rotation and rearrangement (Chuhan et al., 2003; 
Mesri and Vardhanabhuti, 2009; Omidvar et al., 2012; Takei et al., 2001), and to 
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some extent grain breakage, as evidenced by the AE data (Figures 3.3b and c). 
Slightly more deformation developed in higher porosity samples compared to 
lower porosity ones (Figure 3.3). This was likely caused by two factors. Firstly, 
in the higher porosity samples, slightly more space was available to 
accommodate grain rearrangement before grain breakage (Brzesowsky et al., 
2014b; Hagerty et al., 1993). Secondly, in the higher porosity samples, on 
average the coordination number was probably slightly lower compared to the 
lower porosity samples, resulting in higher grain contact stresses, thereby 
promoting grain crushing/breakage, as evidenced by the AE data (Figures 3.3b 
and c; Brzesowsky et al., 2014b). Most of the initial high porosity samples 
retained an overall higher porosity after pre-compaction (Figure 3.3d). This is 
typically also observed in soil mechanics studies (Hagerty et al., 1993; Nakata et 
al., 2001b). However, Stage I pre-compaction revealed that initially high 
porosity samples produce a relatively larger change in sample porosity than 
low porosity samples (Figure 3.3d). In other words, the amount of pre-
compaction strain does not directly depend on the starting porosity and cannot 
be predicted as such. This underlines the importance of having samples of 
similar porosity in compaction experiments employing loose granular 
aggregates.  

 Sample stiffness during loading in Stage II stress-cycling 3.4.2

In each stress-cycle of Stage II, stiffening of the samples was observed during 
the initial part of loading (applied stress < 15 MPa, Figures 3.7a-b). After 
reaching a peak value, � decreased in the first stress-cycle, while in the later 
cycles (e.g. cycles 5 and 10), � remained constant up to approximately 26 MPa 
applied stress (Figures 3.7a-b). Stiffening of the sample is classically inferred to 
be caused by closer packing of the grains via particle rearrangement (Chuhan et 
al., 2003), resulting in a locked aggregate state (Mesri and Vardhanabhuti, 2009). 
The so-called unlocking mechanisms include grain damage, grain slip and grain 
rotation, which allow further compaction of the aggregate, while reducing the 
stiffness of the sample (Mesri and Vardhanabhuti, 2009). The change in � with 
increasing applied stress can therefore be used to evaluate whether locking, i.e. 
increasing �, or unlocking, i.e. decreasing �, mechanisms dominate 
compaction.  

During loading in the first stress-cycle, � increased approximately linearly with 
increasing applied stress, though an inflection point around 10 MPa stress was 
observed (Figures 3.7a-b). This stress coincides with the initiation of AE activity 
in the first stress-cycle (Figures 3.7c-d), suggesting that grain damage initiated. 
However, as � continued to increase with loading, the contribution of grain 
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damage was insufficient to significantly unlock the sample at this stage. At 
these low stresses, grain damage likely involved surface grinding and breakage 
of asperities and, perhaps, some breakage of surface protrusions and sharp 
particle corners, as grain splitting into one or multiple fragments usually occurs 
at higher stresses and would produce a stronger unlocking effect (Chuhan et al., 
2003, 2002; Mesri and Vardhanabhuti, 2009; Nakata et al., 2001a; Takei et al., 
2001 – see also Figure 3.9). Similar inflection points at 10 MPa sample stress 
were observed in the fifth and tenth cycle (Figures 3.7a-b), suggesting that also 
in these stress-cycles grain damage initiated at this point.  

With further loading in the first stress-cycle, � reached a peak value at 
approximately 15 MPa sample stress and decreased with increasing stress 
(Figures 3.7a-b). The peak and subsequent decrease in � was accompanied by 
strong AE activity (Figures 3.7c-d), suggesting that significant grain breakage 
occurred, such that the unlocking mechanisms dominated deformation, 
reducing the sample stiffness. As the number of stress-cycles increased to 5 and 
10, � remained nearly constant after reaching the peak value, i.e. a fully locked 
aggregate, the onset of AE activity occurred at much higher applied stress 
(approximately 26 MPa; Figure 3.7), which coincided with a decrease in �, 
indicating that unlocking effects were dominating again (Mesri and 
Vardhanabhuti, 2009).  

 Mechanisms controlling compaction during Stage II stress-cycling 3.4.3
In Stage II stress-cycling, 36-72% of the compaction was elastic in the first stress-
cycle (Figures 3.4 and 3.5), presumably caused by elastic deformation of the 
grains and grain contacts. Deformation was accompanied by AE activity 
(Figures 3.4 and 3.5) and an increase in crack density and grain size reduction 
(Figures 3.8 and 3.9), suggesting that permanent compaction was caused by 
particle breaking and crushing, followed by rearrangement of fragments and 
redistribution of interparticle stresses (Brzesowsky et al., 2014b; Takei et al., 
2001).  

Grain breakage, through crack propagation, occurs when the tensile stress at 
the tip of a pre-existing flaw or crack overcomes the tensile strength of the 
material (Griffith, 1920). Previous studies have shown that the average tensile 
stress in a particle depends on the applied macroscopic stress and the 
coordination number of the particle, which controls the induced tensile stresses 
(Jaeger, 1967; McDowell and Bolton, 1998). At constant macroscopic stress, the 
induced tensile stress in a particle increases with decreasing coordination 
number, as the contact stresses increase. In addition, the tensile strength of a 
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grain scales inversely with grain size (Lade et al., 1996; McDowell and Bolton, 
1998; Nakata et al., 2001b), which is typically explained by the increase in size of 
Griffith-type flaws, which are assumed to increase with grain size (Zhang et al., 
1990). Under stress conditions conducive to crack growth, these flaws can 
propagate and lead to grain failure.  

In a pack of spherical particles in point contact, the largest tensile stress is 
expected at the edge of the grain-to-grain contact (Hertzian contact theory; 
Hertz, 1882), leading to the development of cracks from the grain contact area, 
as is often observed (Figure 3.9). During crack propagation, strain energy is 
released. When the strain energy release rate � equals a critical value, 
equilibrium or critical crack growth occurs (Lawn, 1975; Rice, 1978). This critical 
value is given as �� = 2 , where   is the surface energy per unit area [J m-2], and 
is also known as the fracture energy. Additionally, an equivalent failure 
criterion can be based on the stress field around the crack tip, which can be 
described through the stress intensity factor !"  (Irwin, 1958). For a small, mode 
I (opening mode) crack  !" = #�$%&'( )⁄ , where # is a dimensionless factor 
equal to 1.12 for an edge crack, �$ is the remotely applied stress [MPa] and  is 
the half-length of the flaw or crack [μm] (Atkinson, 1984; Lawn, 1993; Zhang et 
al., 1990). Equilibrium or critical crack growth will occur when the stress 
intensity factor equals the fracture toughness, i.e. !" = !"* . The fracture 
toughness depends on the material’s Young’s modulus (+), surface energy and 
crack half-length according to !"* = %2+ &⁄ '( )⁄  (Griffith, 1920; Orowan, 1944). 
On the basis of these two criteria, it is shown that crack growth can occur if 1) 
the applied stress increases, leading to !"  to approach !"* , 2) the crack reaches a 
critical length, leading to !"  and !"*  to approach each other, or 3) the surface 
energy decreases, leading to a reduction of !"*  and hence a lower applied stress 
required to satisfy !" = !"* . The latter can be achieved by changing the 
chemical environment and the concomitant adsorption of chemical species to 
the crack tip (Orowan, 1944), as discussed below. 

  Crack propagation in the presence of aqueous fluids 3.4.4
In the presence of fluid, less work is required to produce new fracture surfaces 
(Lawn, 1993; Parks, 1984). This is due to the adsorption of chemically active 
molecules, such as water, to the Si-O bonds at the tip, which is made easier by 
stress concentrations at the strained tip of a stressed crack (Lindsay et al., 1994; 
Michalske and Bunker, 1984; Michalske and Freiman, 1982). After adsorption, 
the water molecule hydrolyses the Si-O bond, resulting in two silanol (>SiOH) 
surface groups, given as 
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> Si − O − Si < � H)O = 2 > SiOH  (3.1) 
where < or > indicate surface-bound species (Charles, 1958; Dove, 1995). 
Similarly, hydroxyl groups can corrode the Si-O bond according to  

> Si − O − Si < �OH2 =  > SiOH �  > SiO2 (3.2) 
The newly formed silanol surface groups are weakly bonded by hydrogen 
bonds, requiring less energy to break than the original Si-O bond, aiding crack 
propagation at stress intensity levels below !"*  and giving rise to subcritical 
crack growth, termed stress corrosion cracking (Atkinson and Meredith, 1981; 
Michalske and Freiman, 1982). The rate of crack growth is determined by the 
rate of the crack tip reaction, which in turn depends on the kinetics of the 
interfacial reaction mechanism or on the kinetics of transport of the reactive 
species to the moving crack tip (Atkinson, 1984). 

Note that the fracturing of quartz leads to the formation of free Si-O bonds 
extending from the solid surface (Parks, 1984). The adsorption of chemical 
species to these free bonds on the quartz surface lowers the surface energy, by 
up to an order of magnitude in the presence of water, compared to vacuum 
conditions (Parks, 1984). In solution, adsorption causes the quartz surface to be 
covered by positively (SiOH2+) and negatively (SiO-) charged surface complexes. 
Depending on solution pH, positive groups or negative groups dominate, or 
they are balanced, resulting in a positively, negatively or neutrally charged 
quartz surface, respectively (Dove and Elston, 1992; Du et al., 1994; Parks, 1984). 
At the point of zero charge, the surface energy is maximum (Parks, 1984). For 
quartz, the pH of zero surface charge (pHPZC) is approximately 2-3 at room 
temperature (Kosmulski, 2018; Parks, 1965), though it is expected to be 
relatively temperature insensitive (Sverjensky and Sahai, 1998). At solution pH 
> 4, the quartz surface charge is slightly negative, inducing a small attraction 
force on corrosive species. At higher solution pH (> 9), positive surface groups 
are rare (Du et al., 1994) and a pervasive negative surface charged is developed.  

As surface energy and interfacial reaction rate are affected by the surface charge 
(Parks, 1984), crack growth velocities in glass and quartz display a strong 
dependency on solution pH. Crack growth velocities increase with increasing 
solution pH above pH 4 and remain roughly constant below pH 2 (Atkinson 
and Meredith, 1981; Dove, 1995; Dunning et al., 1984; Wiederhorn and Johnson, 
1973). By contrast, in strong alkaline solutions crack growth is promoted by the 
abundance of hydroxyl groups, which are strongly corrosive compared to water 
(Casey et al., 1990; Dove, 1995; see also equation 3.2). The presence, and 
adsorption, of other cations and anions may further impact the surface energy, 
as well as the crack propagation potential (Li and De Bruyn, 1966; Parks, 1984). 
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For crack growth below !"*  in a surface-reactive environment, i.e. for subcritical 
crack growth by stress corrosion cracking, three distinct regimes are classically 
recognised (Figure 3.10a; Atkinson, 1984; Freiman, 1984). In region 1, crack 
growth velocities are relatively slow and strongly depend on !"  and the 
chemical activity (or partial pressure) of the pore fluid. Here, crack growth rates 
are controlled by an interfacial reaction rate at the crack tip. In region 2, the 
intermediate crack growth velocities are independent of !"  and rate-limited by 
the transport of the corrosive species to the moving crack tip. In region 3, crack 
growth occurs at high velocities, reaching those of critical crack growth. Crack 
growth in this region is less well understood, but typically inferred to be 
dependent on some combination of chemically assisted and mechanical bond 
rupture. As a crack grows subcritically, its length and, consequently, !"  at the 
crack tip increase. If the applied stress is fixed, this means that a crack initially 
characterised by region 1 behaviour can grow and propagate at increasingly 
higher velocities, thereby transitioning to region 2 and, subsequently, to region 
3, to ultimately grow critically at !" = !"* , resulting in grain failure (Figure 
3.10a).  

In addition to these regions, there is a stress intensity threshold (!�,�3�4 , Figure 
3.10a) below which crack growth is presumed to cease. This threshold depends 
on chemical activity of the pore fluid and is found to strongly decrease with 
relative humidity for glass (Kocer and Collins, 2001; Wiederhorn, 1967). 
Considering the other similarities in crack growth in glass and quartz, a similar 
reduction in the crack growth threshold of quartz is expected.  

In a vacuum, subcritical crack growth can still occur by intrinsic bond rupture 
processes (Wiederhorn et al., 1974), involving the growth of lattice trapped 
cracks through the motion of atomic kinks along the crack front (Hsieh and 
Thomson, 1973; Lawn, 1975; Thomson et al., 1971). When such a crack becomes 
saturated by a chemically active fluid, the crack growth process switches to 
stress corrosion cracking, producing an acceleration of crack growth rates as 
depicted in Figure 3.10a, where crack growth velocities increase from point A to 
point B. Similarly, for cracks under vacuum conditions that are characterised by 
a stress intensity factor below !�,�5� and therefore not propagating, fluid 
introduction may activate crack growth as illustrated by point C in Figure 3.10a. 
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Figure 3.10 (a) Schematic diagram for subcritical and critical crack growth in vacuum 
and chemically enhanced conditions, relating the crack growth velocity to stress 
intensity factor (!") normalised to the critical stress intensity factor (!"*). !�,6 denotes the 
threshold below which crack growth is presumed to cease in chemically enhanced and 
vacuum conditions. Region 1, 2 and 3 indicate reaction controlled, transport controlled 
and intrinsic bond rupture controlled crack growth, respectively. Points A, B and C 
indicate pathways where crack growth rates in a vacuum increase due to introduction of 
a corrosive fluid. (b) Crack growth frequency distribution outlining the areas of cracks 
growing critically, subcritically in vacuum conditions and subcritically in chemically 
enhanced conditions, and where crack growth is presumed to cease. 

 Effect of chemical environment on deformation during cyclic 3.4.5

compaction 

3.4.5.1 Elastic strain evolution during stress-cycling 

The current stress-cycling experiments allowed for a clear differentiation 
between total, permanent, and elastic strain (Figure 3.5). From Figures 3.5c-d, it 
is explicit that the pore fluid environment does not significantly influence the 
elastic deformation of the sand samples. This is not surprising as the elastic 
behaviour of a porous media under drained conditions (as employed in the 
current experiments) is mainly controlled by the elastic modulus of the sample 
material (Wang, 2000). Furthermore, it can be seen that the amount of elastic 
strain accumulated per stress-cycle does slightly decrease with each subsequent 
cycle. This is likely related to densification of the aggregate, creating a stiffer 
aggregate (cf. Figures 3.7a and b) and increasing the contact area between 
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grains, thereby reducing the intergranular stresses, and hence the amount of 
elastic distortion.  

3.4.5.2 Effect of chemical environment on permanent deformation during stress-

cycling 

Based on the theory on crack growth in low-vacuum and chemically active 
environments (cf. Sections 3.4.3 and 3.4.4), we infer that the permanent 
deformation in our stress-cycling experiment was controlled by subcritical and 
critical crack growth, resulting in apparent time-independent deformation on 
the time scale investigated. It is assumed that after Stage I pre-compaction all 
samples contained a relatively similar distribution of cracks with specific 
lengths, reaching a specific !"  during loading in the first stress-cycle of Stage II 
(Figure 3.10b). During loading, for a small portion of these cracks !" = !"*  
(Figure 3.10b). These cracks are presumed to grow critically, resulting in grain 
failure and permanent deformation. In addition, a portion of the distribution is 
likely to grow subcritically during loading, whereby the number of cracks 
growing subcritically depends on !� (Figure 3.10b). Depending on the crack 
velocity, these subcritical cracks will grow fast enough to reach the critical crack 
length leading to critical failure or the applied stress is reduced before these 
conditions can be obtained. 

The threshold for subcritical crack growth depends on the chemical 
environment and the resulting surface energy near the crack tip. The surface 
energy and !� are maximum in low-vacuum (dry) conditions (Kocer and 
Collins, 2001; Wan et al., 1990; Wiederhorn, 1967) and decrease in fluid-
saturated conditions (Figure 3.10b). In fluid-saturated conditions, the surface 
energy is maximum at the pHPZC and decreases with increasing solution pH 
(Parks, 1984). Consequently, !� decreases with increasing solution pH and the 
number of crack growing subcritically during loading increases. The probability 
of cracks reaching the critical failure length and leading to permanent strain is, 
therefore, increasing going from low-vacuum (dry) conditions, to saturation 
with acidic solutions to alkaline solutions (Figure 3.10b).  

The distribution of cracks is presumably not stable during deformation. Cracks 
grown to failure, i.e. cracks which have produced grain failure, are no longer 
part of the distribution and the redistribution of interparticle stresses after grain 
failure is likely to change the stress field at the crack tip. It is therefore plausible 
that with progressive deformation the crack distribution changes, such that a 
smaller portion of the grains fail critically and more grow subcritically (Figure 
3.10b). As subcritical crack growth rates are significantly slower, more time is 
required for subcritical cracks to result in grain failure than would be the case 
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for critical cracks. Consequently, the contribution of crack growth to 
deformation lessens with prolonged stress-cycling. 

3.4.5.2.1 Permanent deformation in environments devoid of water 

The environments devoid of water, i.e. low-vacuum and n-decane, showed the 
smallest amount of permanent strain, 0.7-0.9 and 0.9-1.0%, and AEs, 27,000-
32,000 and 28,000-29,000 counts, in the first cycle, and low crack densities of 1.52 
and 1.74 mm-2, respectively. Based on the difference between the two 
environments in cumulative AE count, which is a measure for grain 
rearrangement plus grain breakage, and crack density, which is a measure for 
grain breakage, it is inferred that in the presence of n-decane grain 
rearrangement played a smaller role during permanent deformation and the 
amount of volumetric strain accompanying grain breakage is therefore most 
likely larger than in the low-vacuum (dry) environment. Though n-decane is 
not an aqueous fluid, sample flooding did lead to an increase in compaction, 
which could perhaps be explained by a direct surface energy effect in the 
presence of fluid. Alternatively, trace amounts of water may have been present 
in the n-decane fluid, enhancing grain breakage, as already small amounts of 
water can enhance crack growth (Wiederhorn, 1967). Furthermore, if trace 
amounts of water were present, then hydrolysis of the crack tip would lower 
the energy required for crack propagation and hence the energy released, which 
may be below the trigger threshold of our AE system, leading to an 
underestimation of the number of grain breakage events.  

3.4.5.2.2 Permanent deformation in aqueous solutions 

A clear effect of aqueous solutions on permanent strain was observed in the 
first stress-cycle (Figures 3.5e-f). Addition of distilled water resulted in 1.9% 
permanent strain, while less permanent strain (at least 1.0%) was measured in 
samples saturated with acidic solutions and more, up to 2.7% permanent strain, 
in alkaline solutions. Other studies on loose, non-pre-compacted, aggregates 
have shown that chemical environment already impacts total strain near-
instantaneously during loading, which then persists during creep (Brzesowsky 
et al., 2014a; Hangx et al., 2010a). Similar behaviour is seen in pre-compacted 
samples, where fluid injection under applied stress immediately leads to an 
increase in strain (Chapter 4; Brzesowsky et al., 2014a; Schimmel et al., 2019a), 
with the amount of strain being dependent on fluid composition. In our current 
study, the effect of fluid pH on total strain was partly overprinted by the slight 
decrease in elastic strain with increasing cycle number (cf. Section 3.4.2 and 
Figure 3.5).  
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The trend in AE data with solution pH roughly correlates with the trend 
observed for permanent strain, with the exception of the pH 14 experiments 
(Figures 3.5e-f and g-h). In the high alkaline solution, a lower than expected AE 
count was observed, while the permanent strain was markedly higher than in 
less alkaline environments. This could suggest that compaction mechanisms 
were active that do not produce AEs, like dissolution and/or pressure solution, 
as well as lubrication effects of the fluid leading to easier grain re-arrangement. 
Since the higher pH fluids (pH 9 and pH 14) were not saturated with respect to 
quartz (cf. Section 3.2.1), it is likely that some dissolution of quartz occurred. 
This is particularly likely in the pH 14 experiments, as these samples were 
slightly cohesive after deformation. However, the strong reduction in grain size 
and high crack density (Figure 3.8) do indicate that grain breakage was 
prevalent in these samples. The relatively low AE count may therefore be an 
effect undersampling of the AE events, caused by the reduced release of energy 
when cracks propagate in strong corrosive environments. In addition, 
dissolution of the surface of the quartz grains may have led to the formation of 
a gel-like layer (Dove and Crerar, 1990), which could have promoted grain slip 
and hence rearrangement. 

 Implications 3.4.6
The current observations may have implications for porous subsurface 
reservoirs at 2-4 km depth with short-term or cyclic fluid injection, assuming 
that the same mechanism, i.e. microcracking, is operative. Geothermal energy 

production requires injection of cold fluid in chemical disequilibrium with the 
reservoir rock.  Additives, such as scaling-inhibitors (e.g. AMP), can be acidic 
(Finster et al., 2015; Knepper, 2003) and may enhance any disequilibria effects. 
Our results suggest that an acidic environment will most likely not enhance any 
microcracking mechanisms in the quartz grains within a sandstone reservoir. 
However, it should be noted that we did not investigate the effect of acidic fluid 
injection into reservoirs containing other minerals, such as feldspars, clays or 
carbonate minerals. Depending on the load-bearing framework, dissolution of 
carbonate cements by acidification of the pore fluid may or may not weaken the 
rock (see e.g. Hangx et al., 2013; Le Guen et al., 2007). This in turn can affect the 
transport behaviour of the reservoir, impacting geothermal fluid production 
and injection. Therefore further research is needed on this.  

Seasonal energy storage in depleted hydrocarbon reservoirs involves the injection 
of synthetic fuel, natural gas, hydrogen or compressed air, i.e. fluids that are 
predominantly devoid of water. Injection will induce changes in the stress and 
temperature field, and affect the chemical environment. Connate formation 
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water may dissolve into the injected fluid, (locally) drying the reservoir. Our 
results show that continuous stress-cycling under low-vacuum (dry, i.e. 
comparable to hydrogen, gas or air storage) or inert (n-decane, i.e. comparable 
to synthetic fuel storage) conditions will minimise crack growth in the quartz 
grains within a sandstone. Furthermore, the inhibiting effect of an acidic 
environment on microcracking mechanisms in quartz grains suggest that 
temporary storage of CO2 for the generation of synthetic fuels will only have a 
limited effect on the mechanical behaviour of the reservoir (Jiang et al., 2010). 
As the environment may progressively become devoid of water, any 
dissolution/precipitation processes will also be limited.    

Injection of alkaline wastewater in quartz-rich reservoirs could potentially lead to 
enhanced microcracking and/or stress-enhanced dissolution of the quartz 
grains, which may impact the mechanical behaviour of the reservoir. The 
amount of reservoir deformation that could be associated with the injection of 
alkaline fluid will depend on the mineralogical composition of the reservoir as 
well, and dissolution/precipitation processes should at least come to a halt 
when a new chemical equilibrium is reached. However, experiments have 
shown that on the long-term, alkaline fluids will continue to drive stress 
corrosion cracking in quartz grains (Chapter 4; Hangx et al., 2010a; Schimmel et 
al., 2019a). Our study is too limited to make any statement regarding the long-
term impact of waste-water injection, associated reservoir compaction and 
potentially induced seismicity (Suckale, 2009).  

3.5 Conclusions 

Uniaxial (oedometer) stress-cycling experiments were conducted to investigate 
the effect of pore fluid chemistry on time-independent compaction behaviour of 
quartz sand. The tests, performed at 80 °C and a maximum applied stress of 35 
MPa, i.e. realistic reservoir conditions, involved a low-vacuum (dry) pre-
compaction stage and a stress-cycling stage at either dry or fluid-saturated 
conditions. The employed fluids included an inert fluid (n-decane), distilled 
water and a selection of HCl and NaOH solutions covering a pH range of 1-14. 
Pre-compaction revealed that the amount of pre-compaction strain and AE 
depends on the sample starting porosity, where relatively high porosity 
samples produce more strain and AEs. Subsequent stress-cycling indicated the 
following effects: 

1. The majority of the strain accumulated in the first few stress-cycles and 
with each subsequent cycle the amount of total, permanent and elastic 
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strain decreased. While permanent strain rapidly decreased from 0.7-
2.7% towards an approximately constant value of 0.2-0.4% after ten 
stress-cycles, elastic stain only slightly lessened with prolonged stress-
cycling. AE count also decreased with each stress-cycle from 27,000-
65,000 in the first cycle to approximately 4,000 in the tenth stress-cycle. 

2. Introduction of a pore fluid affected the development of permanent 
and, hence, total strain, but had no influence on the elastic strain. Inert 
fluid (n-decane) slightly promoted compaction compared to low-
vacuum (dry) conditions, while a more pronounced effect was 
observed for the addition of distilled water and aqueous solutions. AE 
count also increased in the presence of water-bearing fluids, except for 
a strongly alkaline solution (pH 14). 

3. The development of permanent strain roughly correlated with solution 
pH. Alkaline solutions promoted compaction and acidic solutions 
inhibited compaction compared to distilled water. This was 
underpinned by the grain size and crack density analyses that yielded 
smaller grain sizes and higher crack densities for alkaline solutions 
compared to acidic solutions.  

4. The sample stiffness was consistently lower for fluid-saturated samples 
compared to dry ones. Within one loading step, sample stiffness was 
initially low and increased to a peak value around 15 MPa sample 
stress, and either reduced again as observed in the first stress-cycle, or 
remained stable until approximately 26 MPa sample stress as seen in 
higher stress-cycles.  

5. It was inferred that elastic compaction was controlled by elastic 
deformation of grains and grain contacts. As the sample compacted, the 
coordination number of each grain increased, reducing the 
intergranular stresses and the driving force for elastic deformation. 
Permanent deformation was controlled by grain rearrangement during 
the initial part of loading, as evidenced by stiffening of the sample. 
Unlocking of the aggregate was achieved through grain breakage, 
which was aided by Si-O bond hydrolysis and pH-dependent fluid-
solid surface interactions. With prolonged stress-cycling the effect of 
chemical environment decreased, suggesting that crack growth 
velocities were too slow to result in grain failure and, hence, permanent 
compaction.   

6. The results suggested that fluid injection into porous subsurface 
reservoirs could evoke a instantaneous chemical response, which could 
have favourable or negative consequences for reservoir performance, 
depending on the type of fluid injected and the host rock mineralogy. 
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Since our study solely focused on the effect of fluid pH on the 
compaction of sand aggregates, more research is needed to study the 
impact for sandstones, both clean and impure. 
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Abstract 

Induced seismicity and surface subsidence are adverse effects of natural gas 
and geothermal energy production that may present barriers to their use as 
low-carbon alternatives to coal and oil. The driving force for these unwanted 
effects is compaction of the reservoir, which can potentially be mitigated by 
injecting (pressurised) fluids that restore the pore pressure and chemically 
inhibit compaction. We conducted uniaxial compaction experiments on quartz 
sand aggregates to investigate the effect of pore fluid chemistry on time-
dependent compaction (creep). In addition to a low-vacuum (dry) environment, 
supercritical fluids (N2, CO2 and wet-CO2), simple aqueous solutions (three HCl 
solutions and a NaOH solution), and complex aqueous solutions with additives 
(AlCl3, AMP and washing detergent) were employed. N2, CO2, fluids containing 
scaling inhibitor (AMP), as well as wastewater (detergent solution) are 
generally considered for injection. Compaction creep was enhanced in fluid-
saturated environments compared to dry. Wet-CO2 caused more creep with 
faster strain rates than the relatively dry CO2 and N2-environments. 
Experiments conducted with simple aqueous solutions exhibited a clear pH 
dependency. The complex aqueous solutions enhanced creep compared to their 
simple solution counterpart with similar pH. Based on acoustic emission data 
and microstructural analyses, we inferred that compaction creep was controlled 
by subcritical crack growth, aided by water, hydroxyl ions and additives. If 
microcracking also controls compaction in reservoir sandstones, these results 
indicate that injection of supercritical fluids or acidic solutions may mitigate 
reservoir compaction.   
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4.1 Introduction 

In the drive to reduce carbon emissions, natural gas can play an important 
interim role as a lower carbon alternative to coal and oil (IEA, 2016). However, 
adverse effects of prolonged production, such as induced seismicity and surface 
subsidence, are becoming apparent in gas fields worldwide. These effects have 
been observed above many sand and sandstone reservoirs (Suckale, 2010). 
Examples include a number of onshore gas fields in the Netherlands, e.g. the 
Annerveen, Eleveld and Roswinkel fields (Van Eck et al., 2006; Van Eijs et al., 
2006), as well as fields in the Gulf of Mexico (Ostermeier, 1995), the Gazli field 
in Uzbekistan (Simpson and Leith, 1985), the Ravenna Terra field in Italy 
(Menin et al., 2008), the Rotenburg field in Germany (Dahm et al., 2007), and the 
Saxet field in Texas, USA (Suckale, 2010). Induced seismicity and surface 
subsidence can cause significant surface damage and environmental impact 
(Gambolati and Teatini, 2015; Suckale, 2009). In turn, the associated risks, and 
public perception thereof, may reduce the potential for natural gas to contribute 
to the energy transition.  

In the case of gas fields, induced seismicity and surface subsidence are the 
result of production-induced pore pressure depletion, causing compaction at 
the reservoir level (Spiers et al., 2017). Upon production, the pore pressure (��) 
in the reservoir decreases relative to the overburden stress (��), which increases 
the vertical effective stress (��,��� = �� − ��) acting on the load-bearing structure 
of the reservoir rock. This leads to recoverable poro-elastic and, in some cases, 
permanent, inelastic compaction of the reservoir rock (Bernabé et al., 1994; 
Pijnenburg et al., 2018; Shalev et al., 2014), potentially with a time- (creep) or 
rate-dependent component (Doornhof et al., 2006; Nagel, 2001). Permanent 
compaction occurs when the effective stress acting on the rock becomes large 
enough to activate inelastic grain-scale deformation processes, such as grain 
rearrangement (Menéndez et al., 1996), grain and  grain contact failure by 
equilibrium or subcritical crack growth (Brantut et al., 2012; Brzesowsky et al., 
2014a, 2014b), intergranular clay film deformation (Spiers et al., 2017), pressure 
solution (Dewers and Hajash, 1995; Gratier et al., 2009; Schutjens, 1991; Spiers et 
al., 2004) and intergranular frictional slip (Spiers et al., 2017). While poro-elastic 
deformation is recoverable and relatively easy predicted (Wang, 2000), 
permanent deformation, and particularly creep, are not, making long-term 
predictions of compaction uncertain (Mossop, 2012) and evaluation of 
associated seismic hazards difficult.   

In the Netherlands, the occurrence of production-induced seismicity and 
surface subsidence has led to plans to abandon the giant Groningen gas field 
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within in a few years (Wiebes, 2019). However, to aid the energy transition and 
maintain natural gas supply, production from small on- and offshore gas fields 
will continue (Wiebes, 2018). Here, and in other gas fields around the world, 
this raises the question of whether options exist for mitigating adverse reservoir 
compaction, subsidence and seismic effects.  

One strategy for mitigating reservoir compaction is waterflooding, i.e. water 
injection into a reservoir to restore and maintain the pore pressure at the initial 
level. This was successfully applied in the Wilmington field in California, USA, 
for example, producing an elastic reservoir and surface rebound of 
approximately 30 cm (Colazas and Strehle, 1995). Though fluid injection may 
introduce new risks (Chapter 2; Schimmel et al., 2019b), it can, in principle, be 
applied to restore the reservoir pore pressure, lowering the effective 
overburden stress acting on the reservoir and removing much of the mechanical 
driving force for compaction. Potential fluids for pressure restoration are 
(waste)water, CO2 and N2 (Bachu and Gunter, 2005; Suckale, 2009). 
Additionally, permanent compaction can potentially be mitigated by regulating 
the chemical environment, such that chemically coupled grain-scale 
deformation processes are inhibited. For example, while compaction creep of 
quartz sand via subcritical crack growth and grain failure is known to be 
enhanced by highly alkaline fluids (Hangx et al., 2010a) and fluids containing 
Na+ ions (Brzesowsky et al., 2014a), it is inhibited by acidic fluids (Hangx et al., 
2010a). Similar fluid compositional effects, influencing the rate of stress-driven 
dissolution and precipitation processes (e.g. pressure solution), have also been 
observed (Dove, 1999; Dove and Crerar, 1990; Dove and Nix, 1997; Iler, 1973). It 
is the rate at which these grain-scale processes operate, that controls the 
timescale at which compaction creep occurs. Since subcritical cracking, 
dissolution-precipitation processes, clay sorption and ion-exchange processes 
are all controlled by interactions with pore fluid species at the atomic scale, the 
possibility exists, at least in theory, that reservoir compaction, subsidence and 
associated seismicity can be influenced by changing pore fluid chemistry 
through the injection of mitigation agents. 

We studied the effect of pore fluid chemistry on compaction creep in quartz 
sand aggregates, as an analogue for clean, highly porous, quartz-rich reservoir 
sands and sandstone. Creep is specifically addressed, because it is not yet well 
understood and can potentially cause reservoir compaction even after 
production has ceased (Mossop, 2012). Going beyond previous work, we 
focused on fluids typically considered for pressure maintenance or for 
permanent storage, e.g. water, wastewater, CO2 and N2 (Bachu and Gunter, 
2005; Suckale, 2009), as well as agents, such as AlCl3, a quartz dissolution 
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inhibitor (Iler, 1973), and scaling inhibitors used in water treatment facilities 
(Knepper, 2003) and geothermal energy production (Finster et al., 2015). 
Uniaxial (oedometer) compaction experiments were performed on cylindrical 
sand samples at constant effective stress (35 MPa) and constant temperature 
(80 °C), simulating typical reservoir depths of 2-4 km. Insight into the 
deformation mechanisms operating at the grain scale was obtained via acoustic 
emission (AE) counting, and by means of microstructural study and grain size 
analysis applied before and after individual compaction tests. The tests revealed 
that compaction creep in our granular quartz samples was controlled by 
subcritical microcracking, a process strongly influenced by pore fluid 
chemistry. More specifically, water content and pore fluid pH were inferred to 
control the amount and rate of compaction creep. 

4.2 Experimental method 

 Sample material and pore fluid preparation 4.2.1

In this study, we used sand taken from the Heksenberg Formation, exposed in 
the Beaujean Quarry, Heerlen, the Netherlands. Sample material was prepared 
as described in previous work (Brzesowsky et al., 2014b, 2014a, 2011). The sand 
was sieved to obtain a grain size fraction of 196 ± 16 μm. X-ray diffraction 
analysis and inductively coupled plasma emission spectroscopy (ICP-ES) 
measurements on the sieved material indicated a quartz content of >99 wt % 
with zircon and Na-rich feldspar present as principal trace minerals. The 
feldspar mineral was successfully removed by washing in distilled water using 
a gravitational separation technique. The present 1-D compaction experiments 
were conducted on 5.01 g samples of this material. 

To test the effect of chemical environment on compaction behaviour, eleven 
different pore fluids were used as well as a low-vacuum (dry) environment, 
which served as a control environment (Table 4.1). The pore fluids used 
included three high-pressure supercritical phases, namely N2 (purity ≥ 99.999 
vol %), CO2 (purity ≥ 99.7 vol %) and water-saturated-CO2 (wet-CO2). In 
addition, five chemically “simple” aqueous solutions were employed to test the 
effect of pH (HCl solutions of pH 1, 2.4 and 4; distilled water; NaOH solution of 
pH 9), while three “complex” aqueous solutions were used to investigate the 
effect of solution composition independently of solution pH. These complex 
solutions consisted of a scaling inhibitor solution containing 0.004 M AMP 
(amino trimethylene phosphonic acid; pH 2.5), 0.01 M AlCl3 solution (pH 3.5), 
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and simulated wastewater represented by a washing detergent solution (pH 
9.4).  

Table 4.1 Overview of Complete Set of Uniaxial Compaction Creep Experiments 
performed on Quartz Sand Aggregates in this Study (continues on next page) 
Experiment φc 

[%] 
Chemical 
environment 

Fluid 
pH 

Duration 
creep 
phase 
[hrs.] 

φf 
[%] 

εf 
[%] 

TS or 
GS 

analysis 

Crack 
densities  
(�7

∥ / �7
9) 

[mm-1] 
Control experiments  

dry-09 38.4 low-vacuum 
(dry) 

- 
19 

38.3 0.2 GS - 

dry-10 39.7 low-vacuum 
(dry) 

- 
66 

39.4 0.4 - - 

dry-11a 39.0 low-vacuum 
(dry) 

- 
21 

38.7 0.5 TS 1.3 / 1.1 

Supercritical fluids (Pp = 10 MPa)  
N2-01 38.9 N2 - 19 38.3 0.9 TS 1.3 / 1.2 

N2-02a 38.8 N2 - 40 38.2 0.9 GS - 
CO2-01a 38.7 CO2 - 15 38.0 1.1 GS - 
CO2-02 39.1 CO2 - 18 38.3 1.3 TS 1.2 / 1.1 
CO2-03 38.5 CO2 - 88 37.4 1.8 - - 

wCO2-03 38.9 wet-CO2 - 24 37.8 1.8 GS - 
wCO2-04 39.0 wet-CO2 - 71 37.6 2.2 - 3.0 / 2.3 

wCO2-05a 38.7 wet-CO2 - 18 37.8 1.5 TS 2.1 / 2.0 
Simple aqueous solutions (atmospheric pore pressure)  

1pH-01 39.2 HCl solution 1 20 38.2 1.6 GS - 
1pH-02 38.4 HCl solution  1 41 37.6 1.3 - - 
1pH-03 39.0 HCl solution 1 17 38.1 1.5 - - 

1pH-04a 38.9 HCl solution 1 19 37.9 1.6 TS 1.7 / 1.3 
2.4pH-01 38.0 HCl solution  2.4 17 37.2 1.3 GS - 

2.4pH-02a 38.7 HCl solution  2.4 31 37.5 1.8 - - 
2.4pH-03 38.6 HCl solution  2.4 18 37.7 1.4 TS 1.3 / 0.8 

4pH-01 38.7 HCl solution  4 18 37.5 2.0 TS 1.7 / 1.4 
4pH-02 38.6 HCl solution 4 18 37.4 1.9 GS - 

4pH-03a 38.7 HCl solution 4 91 37.1 2.6 - - 
DI-08 38.8 distilled water  5.9 18 37.4 2.2 - - 

DI-09a 38.7 distilled water  5.9 17 37.4 2.1 TS 3.4 / 2.4 
DI-10 38.5 distilled water  5.9 18 37.3 1.8 GS - 
DI-11 38.9 distilled water  5.9 63 37.2 2.8 - - 

9pH-01 38.6 NaOH solution 9 22 37.0 2.6 GS - 
9pH-02 38.5 NaOH solution 9 20 36.9 2.5 TS 3.4 / 3.4 

9pH-03a 38.9 NaOH solution 9 66 36.7 3.3 - - 

Note. All experiments were performed at 80 °C and a constant effective stress of 35 MPa. pH is 

measured at 80 °C. φc denotes porosity at the start of the creep phase, φf denotes porosity at the 

end of the creep phase, εf is the final creep strain, and TS and GS indicate samples used for thin 

section or grain size analysis, respectively.  
a Representative samples shown in Figures 4.3, 4.4 and 4.8. 
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Table 4.1 Overview of Complete Set of Uniaxial Compaction Creep Experiments 
performed on Quartz Sand Aggregates in this Study (continued from previous page) 
Experiment φc 

[%] 
Chemical 
environment 

Fluid 
pH 

Duration 
creep 
phase 
[hrs.] 

φf 
[%] 

εf 
[%] 

TS or 
GS 

analysis 

Crack 
densities  
(�7

∥ / �7
9) 

[mm-1] 
Complex aqueous solutions (atmospheric pore pressure) 

AMP-01 39.0 AMP solution  2.5 16 37.8 1.8 - - 
AMP-02 39.0 AMP solution  2.5 19 37.9 1.8 GS - 

AMP-03a 38.7 AMP solution  2.5 19 37.7 1.7 TS 2.5 / 2.4 
AMP-04 38.8 AMP solution  2.5 42 37.5 2.0 - - 

AlCl3-01a 38.8 AlCl3 solution  3.5 19 37.6 1.9 TS 1.9 / 1.6 
AlCl3-02 38.8 AlCl3 solution  3.5 22 37.8 1.6 GS - 
AlCl3-03 38.9 AlCl3 solution  3.5 40 37.8 1.8 - - 

det-02 39.1 detergent 
solution  

9.4 
17 

37.0 3.2 TS 3.8 / 3.4 

det-03 38.9 detergent 
solution  

9.4 
14 

37.2 2.7 GS - 

det-04a 38.8 detergent 
solution 

9.4 
45 

36.3 3.9 - - 

 

Low-vacuum (dry) conditions were obtained by evacuating the sample within 
the oedometer compaction vessel before and during mechanical testing, using a 
single-stage rotary vacuum pump (Figure 4.1a). The high-pressure fluids, N2, 
CO2, wet-CO2, were prepared in the ISCO pump and equilibrated overnight. 
After filling the ISCO pump with pure N2 and CO2, the gases were pre-
pressurised to 6 MPa using the diaphragm pump (Figure 4.1a). The externally 
heated ISCO pump was then used to achieve further pressurisation to 10 MPa 
at 70 °C, resulting in supercritical conditions (Lemmon et al., 2018). Wet-CO2 
was prepared by filling the ISCO pump (total volume 68 mL) with a small 
volume of water (10 mL) and completing the remaining volume with pure CO2. 
This mixture was pre-pressurised to 6 MPa using the diaphragm pump and 
further pressurisation to 10 MPa was achieved by the ISCO pump, while 
heating to 70 °C, yielding a water concentration of 54.39 mol of water/m3 (see 
section 4.4.2 The influence of supercritical fluids on compaction creep). All 
supercritical fluids were prepared at a lower temperature than the experimental 
conditions (80 °C) to prevent condensation of water in the wet-CO2 upon 
injection into the sample.  

Acidic solutions of pH 1, pH 2.4 and pH 4 were prepared by diluting fixed 
quantities of hydrochloric acid (HCl) in distilled water. The alkaline solution of 
pH 9 was prepared by diluting a fixed quantity of sodium hydroxide (NaOH) 
in distilled water. For the 0.01 M AlCl3 solution, 2.4143 g of aluminium chloride 
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salt was dissolved in 1 L of distilled water. The 0.004 M AMP solution was 
prepared by diluting 1 ‰ AMP solution with 1 L of distilled water. The 
washing detergent solution was prepared by mixing commercially available 
washing detergent powder (containing 5-15% anionic surfactants and <5% non-
ionic surfactants) with distilled water at a concentration of 6 g/L, the advised 
concentration for washing clothes. All aqueous solutions were stirred (> 5 min) 
and left to equilibrate (> 5 days) prior to use. After equilibration, each solution 
was heated to 80 °C to determine solution pH.  

 

Figure 4.1 Overview of the experimental set-up used in this study. (a) Pore fluid system 
including a diaphragm pump, servo-controlled ISCO pump, Dreschel bottle and vacuum 
pump. Fluid pressure was measured with pressure transducers (PT). (b) Instron servo-
controlled loading frame employed with a 100 kN load cell and (c) compaction vessel.   

 Experimental set-up and acoustic emission monitoring system 4.2.2
The compaction experiments were performed in a uniaxial (1-D) compaction 
vessel (oedometer), loaded using an Instron 8862 servo-controlled loading 
frame (Figures 4.1b and c). The compaction vessel used is a modified version of 
the vessel originally described by Schutjens (1991), and later by Hangx et al. 
(2010a), Brzesowsky et al. (2014a), and Brzesowsky et al. (2014b). The vessel and 
loading pistons are constructed from corrosion resistant Monel K-500, a copper-
nickel-molybdenum alloy. The bottom piston and vessel are secured on the 
Instron loading frame. The top piston contains a pore fluid bore, allowing both 
evacuation of the sample and injection of a pore fluid. The sand sample fills the 
bore of the vessel (20 mm diameter) between the upper and lower pistons, 
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having a height of initially approximately 10 mm. A 1 mm thick, porous, 
stainless steel plate between the top piston and sample ensures equal 
distribution of fluid over the sample cross-sectional area upon injection. In 
addition, it prevents grains from entering and clogging the pore fluid bore. The 
top and bottom pistons are sealed against the vessel wall using EPDM O-rings. 

Sample evacuation and fluid introduction are achieved via the pore fluid 
system (Figure 4.1a). This consists of a vacuum pump, Drechsel bottle, ISCO 
pump, diaphragm pump, and sources of compressed air, N2 and CO2. The 
vacuum pump is connected to the sample via the Drechsel bottle for evacuation 
of the sample. The diaphragm pump is used for pre-pressurising the fluids in 
the ISCO pump at 6 MPa. The ISCO pump is used to achieve further 
pressurization to 10 MPa, while heating to 70 °C. Via the combination of valves 
shown in Figure 4.1, the sample can be directly connected to the ISCO pump to 
inject fluids prepared in the ISCO pump. Alternatively, the sample can be 
connected to the Drechsel bottle for flooding with aqueous solutions.  

Axial force, displacement, temperature and pore fluid pressure are controlled 
and measured throughout the experiment. Force is applied by advancing the 
Instron loading ramp. It is measured externally using the Instron load cell (0-
100 kN range, resolution ± 0.05 kN). In addition, force is measured with an 
internal load cell (0-100 kN range, resolution ± 0.05 kN) located in the top part 
of the bottom piston. Piston position and displacement are measured using 
linear variable differential transformers (LVDT) located in the Instron drive unit 
(± 50 mm range, resolution ± 0.25 μm) and a Sangamo LVDT (± 1 mm range, 
resolution ± 0.1 μm) located between the upper piston and the vessel (Figure 
4.1c). A furnace allows controlled heating of the sample with ± 0.5 °C accuracy 
using a K-type chromel-alumel control thermocouple. This thermocouple is 
positioned within the furnace windings and connected to a proportional-
integral-derivative (PID) controller. A second K-type thermocouple, embedded 
in the vessel wall adjacent to the sample, independently measures sample 
temperature. Pore fluid pressure was controlled and measured by the ISCO 
pump in the experiments employing supercritical fluids. 

In addition, the experimental set-up is equipped with an acoustic emission (AE) 
monitoring system that detects and counts AEs produced by the compacting 
sample. The AE events are detected using a ceramic piezoelectric resonator, 
mounted externally on the top piston (Figure 4.1c). The resulting signal passes 
through a precision preamplifier (36 dB gain) and a multistage signal 
conditioning system (24 dB gain). A 100 kHz to 1 MHz band-pass filter is 
applied to eliminate low frequency interference and sensor resonance effects. 
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Lastly, a two-channel counter with a constant trigger-threshold of 200 mV, 
which is just above the noise level, discriminates and counts the incoming AE 
events. Pulse stretching times (PST) of 1000 μs and 500 μs are set for each 
counter, to check for wave pocket arrival-bouncing effects and counter 
saturation. In the case of discrete events, the count rates from the two channels 
should be identical.  

 Experimental procedure 4.2.3
Vessel assembly was conducted outside the Instron frame, first mounting the 
compaction vessel on its lower piston. A 10 mm high stainless steel spacer was 
then inserted into the vessel, to position the sample in the middle of the vessel 
and a Teflon liner (10 mm high), sprayed externally with Molykote D-312R and 
dried for at least one hour, was emplaced to reduce friction between the sand 
sample and vessel wall. The sample material was then funnelled into the vessel 
and the porous steel plate carefully placed on top of the sample using a guide 
rod. The furnace and top piston were subsequently added and the entire 
assembly located into the Instron loading frame.  

In preparation for each experiment, the sample was heated to the target 
temperature of 80 °C, while simultaneously evacuating the sample assembly. 
After stabilisation at 80 °C, which took approximately 1.5 hrs, each sample was 
pre-compacted by stress cycling, while continuously evacuating (Figure 4.2). 
First, a small stress of 0.3 MPa (equivalent to a force of 0.1 kN) was applied to 
the sample. The applied stress was then cycled at a constant stress rate of 
5 MPa/min, following the sequence shown in Figure 4.2 (0.3 – 5 – 0.3 – 15 – 0.3 –
 25 – 0.3 – 35 – 0.3 MPa). The aim of stress cycling was to condition each sample 
such that the variability in porosity between the different samples was reduced 
in preparation for subsequent creep testing. This was done because compaction 
of sand aggregates is highly sensitive to the initial microstructure (Brzesowsky 
et al., 2014a; Hangx et al., 2010a).  

After pre-compaction, evacuation continued and each sample was reloaded to 
35 MPa at a stress rate of 5 MPa/min. This stress was held constant to observe 
the subsequent creep response in low-vacuum (dry) conditions or in the 
presence of supercritical fluids or aqueous solutions. For each chemical 
environment, two to four unique experiments were conducted to ensure 
reproducibility of the results (Table 4.1). The low-vacuum (dry) control 
experiments were evacuated for the entire experiment duration (Figure 4.2a). In 
the case of the fluid-saturated experiments, fluids were introduced five minutes 
after the constant stress of 35 MPa was applied. In experiments using 
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supercritical fluids, these were introduced to the sample at 10 MPa. Once the 
fluid pressure had stabilised (within approximately five minutes), the applied 
stress was increased to 45 MPa, thus returning the axial effective stress to 35 
MPa (Figure 4.2b). In the experiments using aqueous fluids, these were 
introduced at 1 atm by vacuum-flooding the sample (Figure 4.2c).  

 

Figure 4.2 The experimental procedure for experiments performed at low-vacuum (dry) 
conditions (a), employed with supercritical fluids (b) or aqueous solutions (c). Pre-
compaction stress-cycling at low-vacuum (dry) condition is followed by reloading to 35 
MPa, and fluid addition in case of fluid-saturated experiments. The subsequent creep 
phase starts at tcreep=0.  
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Creep was monitored throughout the experiments. For the low-vacuum (dry) 
experiments the creep phase started five minutes after the applied stress was 35 
MPa (tcreep=0 in Figure 4.2a), while for the experiments saturated with 
supercritical fluids it started as the effective axial stress returned to 35 MPa 
(tcreep=0 in Figure 4.2b). Wetting of the sample, as evidenced by increased 
compaction, marked the onset of the creep phase in the experiments using 
aqueous solutions (tcreep=0 in Figure 4.2c). 

After one or multiple days (Table 4.1), the experiments were stopped. Low-
vacuum (dry) experiments were terminated by completely unloading the 
sample and removing the vacuum. Supercritical fluid experiments were first 
unloaded to 35 MPa (25 MPa effective axial stress). After removing the pore 
pressure, the samples were then fully unloaded. The experiments employing 
aqueous solutions were completely unloaded in a single step. After unloading, 
the furnace was switched off and all samples were allowed to cool to room 
temperature. Subsequently, the assembly was removed from the Instron 
loading frame and the sample carefully extracted. Samples tested with aqueous 
solutions were wet and cohesive, so remained intact. To improve their cohesion, 
selected dry and supercritical fluid charged samples (lc-01, dry-11, N2-01, CO2-
01, CO2-02, CO2-03, wCO2-04 and wCO2-05) were vacuum-flooded with distilled 
water prior to removal, this allowed them to be removed intact too. All wet 
samples were placed in an oven at 50 °C to dry for a minimum of five days 
prior to preparation for microstructural analysis. 

 Data acquisition and processing 4.2.4
Throughout each experiment, external Instron load, internal load, Instron LVDT 
position, Sangamo LVDT position, sample temperature and cumulative acoustic 
emission counts were logged at an interval of one second. Applied axial stress 
and effective axial stress were calculated from the external Instron and internal 
load data, using pore fluid pressure data where relevant. Friction between the 
top piston seal and vessel wall was negligible for experiments conducted at 
atmospheric pressure and small (< 0.6 MPa) for experiments with a pressurised 
pore fluid. This was not corrected for. Though measures were taken to reduce 
friction between the sand sample and vessel wall, comparison of external and 
internal load cell data indicated the occurrence of sample friction. For 
experiments performed with a pore fluid pressure, the stress measured by the 
internal load cell varied between 87.1-92.3% of the applied effective stress. For 
dry experiments and those performed with fluids at atmospheric pressure, the 
stress measured by the internal load cell was between 74.3 and 83.7% of the 
applied stress. Taking the sample stress as the average of the internally and 
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externally measured stress, yields an average sample stress of 33.3 MPa ± 1.4% 
for samples tested with pressurised pore fluids, and 31.4 MPa ± 2.7% for dry 
samples and samples saturated with a pore fluid at atmospheric pressure. 

The starting length of the sample, i.e. the sample length at tcreep (Figure 4.2), was 
determined by comparing the Instron LVDT position to an empty vessel 
reference point, at the same applied stress (35 MPa in dry and aqueous solution 
experiments and 45 MPa in supercritical fluid experiments). The Sangamo 
LVDT displacement data was corrected for elastic machine distortion using a 
predefined, eighth order polynomial determined from machine calibrations on 
the experimental set-up without sample. From the corrected Sangamo LVDT 
displacement data, instantaneous volumetric creep strain, defined as �� =
 − ∆� ��⁄ , was calculated, where �� is the length of the sample at the start of the 
creep phase and ∆� is the change in length at any subsequent instant. 
Instantaneous strain rates, measured during the creep stage and defined as 
:; = −%1 �⁄ '%=� =>⁄ ', were calculated by performing a least-squares inversion 
over a variable time window centred around each individual displacement data 
point. The window size was based on a set tolerance for the uncertainty in 
displacement of 1 μm, such that the error in the strain rate was always ≤ 0.01%. 
This method allowed for accurate determination of both high and low strain 
rates. Instantaneous AE rates were calculated similarly from the cumulative AE 
counts, with the tolerance for the AE window size set to 2,000 AE events. 

 Analytical and microstructural methods 4.2.5

After the experiments, grain size, microstructural and crack density analyses 
were performed on selected samples, each having the same initial porosity and 
an experimental duration of 19 hrs, where possible (Table 4.1). Grain size 
analysis on 1 g portions of selected samples and corresponding starting 
material was performed using a Malvern laser diffraction particle sizer. This 
allowed determination of the average grain size and grain size distribution 
before and after deformation. Despite the fact that laser particle size analysis 
systematically overestimates grain size by approximately 25%, due to fines 
adhering to coarse grains (Hangx et al., 2010a; Pluymakers et al., 2014a), the 
results are preferred here over optical analysis as these avoid the stereological 
uncertainty inherent to 2D section study and sample a larger grain population. 

Samples selected for microstructural and crack density analyses were 
impregnated with a low-viscosity, blue-dyed, epoxy resin (Araldite 2020) after 
drying. Thin sections were then cut parallel to the loading axis and analysed 
using transmitted light microscopy. The blue-dyed resin resulted in a clear 
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distinction between pores and quartz grains. Micrographs covering a field of 5 
by 3 mm (50 x magnification) were obtained from a selected area at the centre of 
each thin section for crack density analysis.  

Crack density analyses involved manual counting of cracks. All features that 
could be interpreted as cracks were considered. Crack resulting in the splitting 
of grains into two or three fragments were, where possible, inferred based on 
fragment size, shape, position, and extinction pattern in cross-polarised light. 
Very small grain fragments resulting from completely crushed grains were 
excluded from the analysis. The crack density in each selected area was 
determined using the linear intercept method (Wong, 1985), applied by 
superimposing a grid of orthogonal lines, with a 0.1 mm spacing, oriented  
parallel and perpendicular to the loading direction. The number of crack-line 
intercepts was counted and averaged for each orthogonal set, producing a 
linear intercept density (i.e., the number of crack intersections per unit length 
[mm-1]) measured parallel (�7

∥) and perpendicular (�7
9) to the loading direction. 

4.3 Results 

 Mechanical data 4.3.1

For each tested environment, one representative experiment is selected based 
on sample porosity at the start of the creep phase (tcreep=0 in Figure 4.2; Table 
4.1). The aim is to have a range in starting porosities that is as small as possible, 
so that there is a minimal effect of variations in the microstructure on 
compaction behaviour between different samples. The porosity range of the 
representative samples is 38.7-39.0% for both the supercritical (Figure 4.3) and 
aqueous pore fluids (Figure 4.4) experiments. In general, all experiments were 
characterised by a rapid accumulation of strain in the first few minutes after 
loading, followed by ongoing creep at decreasing rate (cf. Figures 4.3 and 4.4). 

4.3.1.1 Low-vacuum (dry) compaction creep 

In the first few minutes of creep, the representative control experiment 
conducted at low-vacuum (dry) conditions (dry-11) displayed about 0.2% 
strain, doubling to 0.4% strain in 15 hrs, as illustrated in Figure 4.3a. During 
compaction, a total of approximately 32,000 AE events were recorded for this 
experiment (Figure 4.3b). At the start of the creep phase, typical strain rates of 
10-5.9 s-1 were registered, eventually decreasing to 10—7.8 s-1 (Figure 4.3c). 
Similarly, the AE rate in the representative experiment decreased from 101.1 s-1 
to 10-1.1 s-1 (Figure 4.3d). 
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Figure 4.3 Representative data showing the effect of N2, CO2 and wet-CO2 on 
compaction creep compared with low-vacuum (dry) reference case. (a) Strain versus 
time plot and (b) cumulative AE count versus strain plot. (c) Strain rate and (d) AE rate 
are plotted as a function of log strain. T denotes temperature, σeff denotes effective stress 
and ϕc denotes the porosity range of the selected samples at the start of the creep phase 
(see Table 4.1). 

4.3.1.2 Compaction creep in the presence of supercritical fluids 

In general, supercritical fluids enhanced compaction relative to the 
representative dry control experiment (compare curves in Figures 4.3a and c). 
After 15 hrs, the representative wet-CO2 experiment (wCO2-05) produced the 
largest amount of compaction (1.5% strain), while the least deformation was 
observed in representative N2 experiment (N2-02; 0.7% strain). The selected CO2 
test (CO2-01) resulted in an intermediate amount of strain of 1.1% after 15 hrs. 
Surprisingly, the AE data showed the opposite trend (Figure 4.3b), with the 
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lowest number of AEs occurring in the wet-CO2-environment (approximately 
22,000 events) and the highest number of AEs occurring in the N2-flooded 
experiment (approximately 43,000 events), at 0.9% strain. Experiments in 
N2-environments showed only slightly faster strain rates compared to the low-
vacuum (dry) experiments, with initial strain rates of typically 10-5.8 s-1, reducing 
to 10-7.7 s-1 by the end of the creep phase. Faster initial strain rates of typically 10-

5.0 s-1 and 10-4.7 s-1 were measured in experiments flooded with CO2 and wet-CO2, 
ultimately falling to 10-7.1 s-1 and 10-7.4 s-1, respectively. Similar trends were 
observed for the AE rate data (Figure 4.3d). Overall, for a given amount of 
strain, saturation with N2 resulted in the lowest creep strain rate and AE rates, 
while flooding with wet-CO2 resulted in the fastest creep strain and AE rates.  

4.3.1.3 Compaction creep in the presence of simple aqueous solutions 

Wetting of the sample through addition of simple aqueous solutions resulted in 
more compaction compared to the low-vacuum control experiments and the 
experiments with supercritical fluids (c.f. Figure 4.3a and Figure 4.4a). 
Compaction was initially fast with indiscernible behaviour for the different 
solutions during the initial 60 s, though clear differences in compaction 
behaviour became apparent as compaction continued. A clear trend between 
total amount of strain and solution pH was noted, whereby low pH fluids 
(pH 1-2.4 solutions) lead to the least compaction and more creep strain was 
observed with increasing solution pH. For example, after 16 hrs, the 
representative sample saturated with pH 1 HCl solution (1pH-04) exhibited 
1.5% creep strain, while 2.6% strain was measured in a pH 9 NaOH solution 
(9pH-03; Figure 4.4a).  

Representative samples tested with simple aqueous solutions exhibited strain 
rates of the order of 10-4.4-10-4.7 s-1 in the initial stages of creep (Figure 4.4c), 
which is faster than in the representative low-vacuum (dry) control and CO2 
and N2 experiments, but similar to initial creep rates in the representative wet-
CO2-environment (c.f. Figure 4.3c and Figure 4.4c). By the end of the creep 
phase in the simple aqueous solution experiments, strain rates of 10-7.2 s-1 and 
lower were measured. At a given strain and porosity, strain rates were 
generally slower in more acidic environments (low pH solutions) and increased 
with increasing solution pH. For example, at 1.6% strain (10-1.8), the slowest 
strain rates were observed in representative experiment employed with a pH 1 
HCl solution (10-7.6 s-1), being approximately 1.5 orders of magnitude slower 
than the representative experiment flooded with pH 9 NaOH solution (10-6.0 s-1).  
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Figure 4.4 Representative data showing the effect of different aqueous solutions on 
compaction creep. (a) Strain versus time plot and (b) cumulative AE count versus strain 
plot. (c) Strain rate and (d) AE rate are plotted as a function of log strain. T denotes 
temperature, σeff denotes effective stress and ϕc denotes porosity range of the selected 
samples at the start of the creep phase (see Table 4.1). Note the accelerated creep and AE 
rates compared with low-vacuum (dry) reference samples and samples flooded with 
supercritical fluids in Figure 4.3. 

Compared to the low-vacuum (dry) environment, simple aqueous solutions 
resulted in a marked increase in the cumulative number of AE events (note the 
one order of magnitude difference in scale between Figure 4.3b and Figure 
4.4b). Moreover, alongside the tendering for strain and strain rate to increase 
with pH, more AEs and a higher AE rate were generally detected with 
increasing fluid pH. High initial AE rates, reaching up to 100 counts per second, 
were registered in the simple aqueous solutions experiments, which were faster 
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than the representative control and CO2 and N2 experiments (c.f. Figure 4.3d 
and Figure 4.4d). Similar to the strain rate behaviour, AE hit rates slowed down 
with accumulating creep strain, to typical values of 10-1-10-2 s-1. AE rate trends as 
a function of pH were for a large part similar to the trends observed in the 
strain rate data. In the representative pH 2.4 HCl experiment (2.4pH-02), a 
sharp peak in AE rate is observed at approximately 1.7% strain (10-1.8). Since no 
jump in displacement was measured, this peak is attributed to noise in the AE 
counting system. 

4.3.1.4 Compaction creep in the presence of complex aqueous solutions 

Similar to the simple aqueous solutions, addition of complex aqueous solutions 
produced more creep strain and AEs, yielding higher creep strain and AE rates 
compared to experiments in low-vacuum (dry) conditions or with supercritical 
fluids (c.f. Figure 4.3 and Figure 4.4). Though complex aqueous solutions 
followed a similar pH trend with strain, AEs, creep strain and AE rate as set out 
by the HCl and NaOH solutions, strains, AEs, and creep strain and AE rates 
were generally higher for the complex solutions compared their simple solution 
counterpart. For example after 16 hrs, 3.3% strain was measured in the 
representative washing detergent (pH 9.4) experiment (det-04) compared to 
2.6% strain in the pH 9 NaOH experiment (9pH-03; Figure 4.4a). 
Controversially, all samples tested with washing detergent solution yielded a 
very low number of AEs (e.g. Figure 4.4b), while AE rates were within the order 
measured in samples saturated with distilled water or pH 9 NaOH solution 
(e.g. Figure 4.4d). 

Creep strain rates measured in representative experiments with AMP (pH 2.5; 
AMP-03) and AlCl3 solution (pH 3.5; AlCl3-01) were initially faster (:;=10-4.7-10-4.8 
s-1) than those measured in the representative pH 4 HCl experiment (4pH-03; 
Figure 4.4c). However, this initially more rapid compaction declined with 
increasing creep strain. After 1% (10-2) and 1.6% strain (10-1.8), the creep strain 
rates measured in the representative AMP and AlCl3 experiments, respectively, 
decreased below those observed for the pH 4 HCl experiment. Similar to the 
creep strain rates, AE rates exhibited by the representative AMP and AlCl3 
experiments were initially faster than the representative pH 4 experiment and 
decreased below this reference at larger creep strains (c.f. Figures 4.4c and d).  

 Grain size and microstructural analyses 4.3.2
Grain size analysis and microstructural data for undeformed material and for 
samples compacted in low-vacuum (dry) conditions, with supercritical fluids 
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and with aqueous solutions are presented in Figures 4.5 and 4.6. Crack densities 
obtained from the samples analysed are listed in Table 4.1.  

Undeformed material consisted of sub-rounded grains and was marked by a 
narrow grain size distribution with a mean of 245 μm (see black curve in Figure 
4.5a). Crack density analysis of a sample that was only subjected to pre-
compaction stress-cycling yielded �7

∥ = 1.1 mm-1 and �7
9 = 1.1 mm-1. Deformation 

under all conditions resulted in grain size reduction (Figure 4.5a and Figure 
4.6a) and the production of fine material with a grain size <80 μm (see Figure 
4.5b and Figure 4.6b). In all deformed samples, numerous cracks were 
observed. Most cracks fan from grain-to-grain contacts (cf. Figures 4.5c-d and 
4.6c-f), both within grains (intragranular cracks) and across grain contacts 
(transgranular cracks), either with a divergent (spalling) or convergent (onion 
peel) nature. In addition, chipping of grain edges was observed, and leading to 
the generation of very fine-grained material (<10 μm). Cracks were 
homogeneously distributed throughout the samples and no strain localisation 
was observed. Crack density analysis indicated a slightly higher density of 
horizontal cracks, as crack densities measured parallel (�7

∥) were generally 
higher than crack densities measured perpendicular (�7

9) to the loading 
direction (Table 4.1).  

4.3.2.1 Grain size reduction and microcracking in low-vacuum (dry) conditions 

Compaction creep at low-vacuum (dry) conditions reduced the overall grain 
size, resulting in a mean grain size of 230 μm for the sample selected for 
analysis. In addition, some fine material (<80 μm) was produced (Figure 4.5a). 
Microstructural analysis on the selected sample revealed crack densities of 
�7

∥ = 1.3 mm-1 and �7
9 = 1.1 mm-1 (Figure 4.5c). 

4.3.2.2 Grain size reduction and microcracking in the presence of supercritical fluids 

In line with the strain data for supercritical fluids, addition of wet-CO2 resulted 
in the largest grain size reduction (D50 = 213 μm) and fraction of fines (Figure 
4.5b). In addition, significantly high crack densities were observed in the 
selected wet-CO2 sample (�7

∥ = 2.1 mm-1 and �7
9 = 2.0 mm-1; Figure 4.5d). 

Analysis of an experiment conducted with the CO2 environment resulted in an 
intermediate mean grain size of 221 μm and low crack densities of �7

∥ = 1.2 mm-1 
and �7

9 = 1.1 mm-1, which were similar to the low-vacuum (dry) experiment. The 
mean grain size exhibited after compaction creep in the N2 environment was 
215 μm, which may be slightly overestimated because of its relatively long 
creep duration of 40 hrs. Crack densities measured on a N2-saturated sample 
compacted for 19 hrs were �7

∥ = 1.3 mm-1 and �7
9 = 1.1 mm-1. 
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Figure 4.5 Grain size distributions and microstructures exhibited by samples subjected to 
uniaxial compaction creep with supercritical pore fluids. The grain size distribution is 
shown in (a), while (b) zooms in on the finest grain size fractions, i.e. fines produced 
during compaction. Note that measured grain sizes are on average larger than the sieved 
grain sizes, which is due to a systematic overestimation by the Malvern particle sizer. 
Overall, the optical microstructures varied little and therefore only the extreme cases of 
(c) low-vacuum (dry) and wet-(d) CO2 are presented. Crack densities measured along 
grid lines superimposed parallel (�7

∥) and perpendicular (�7
9) to the loading direction are 

as shown. The loading direction is vertical and cracks are indicated by red arrows. 

 



Compaction creep behaviour of quartz sands 

115 
 

 

 

Figure 4.6 (caption on next page) 
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Figure 4.6 (previous page) Grain size distributions and microstructures exhibited by 
samples subjected to uniaxial compaction creep with aqueous pore fluids. The grain size 
distribution is shown in (a), while (b) zooms in on the finest grain size fractions, i.e. fines 
produced during compaction. Note that measured grain sizes are on average larger than 
the sieved grain sizes, which is due to a systematic overestimation by the Malvern 
particle sizer. A selection of samples spanning the whole of the tested pH spectrum are 
presented, including (c) pH 1 HCl solution, (d) distilled water, (e) pH 9 NaOH solution 
and (f) washing detergent solution. Crack densities measured along grid lines 
superimposed parallel (�7

∥) and perpendicular (�7
9) to the loading direction are as shown. 

The loading direction is vertical and cracks are indicated by red arrows. 

4.3.2.3 Grain size reduction and microcracking in the presence of aqueous solutions 

A similar trend with pH as observed for the strain data is reflected in the grain 
size and crack density data for the samples tested with aqueous solutions as 
pore fluid. Grain size reduction and crack density tend to increase with solution 
pH. Samples tested in the low pH environments pH 1 and pH 2.4 produced a 
relatively small amount of fine material (Figure 4.6b) and yielded high mean 
grain sizes of 220 μm and 221 μm, and showed low crack densities of 
�7

∥ = 1.7 mm-1 and �7
9 = 1.3 mm-1, and �7

∥ = 1.3 mm-1 and �7
9 = 0.8 mm-1, 

respectively (Figure 4.6c). The pH 4 HCl solution and distilled water 
experiments had a moderate mean grain size of 213 μm and 215 μm and 
increased crack densities of �7

∥ = 1.7 mm-1 and �7
9 = 1.4 mm-1, and �7

∥ = 3.4 mm-1 
and �7

9 = 2.4 mm-1 (Figure 4.6d), respectively. The lowest mean grain size was 
measured in the sample flooded with pH 9 NaOH solution (D50 = 205 μm), 
which was also marked by a large production of fines (Figure 4.6b) and high 
crack densities (�7

∥ = 3.4 mm-1 and �7
9 = 3.4 mm-1; Figure 4.6e). The AMP solution 

experiment (pH 2.5) had a high percentage of fines (Figure 4.6b) and produced 
a mean grain size of 214 μm and crack densities of �7

∥ = 2.5 mm-1 and 
�7

9 = 2.4 mm-1, indicating more grain damage occurred in the AMP solution 
compared to the pH 2.4 HCl environment. The sample tested with AlCl3 
solution (pH 3.5) exhibited a mean grain size of 220 μm and crack densities of 
�7

∥ = 1.9 mm-1 and �7
9 = 1.6 mm-1, which are similar to the pH 4 HCl solution 

sample. For the washing detergent solution (pH 9.4), the mean grain size (D50 = 
211 μm) was larger than the simple pH 9 NaOH solution, while crack densities 
(�7

∥ = 3.8 mm-1 and �7
9 = 3.4 mm-1) were similar (Figure 4.6f). 

4.4 Discussion  

The present uniaxial compaction experiments have shown that compaction 
creep of quartz sand aggregates is promoted by the presence of supercritical 
pore fluids, and even more so by aqueous solutions, compared to low-vacuum 
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(dry) conditions. The presence of all fluids employed resulted in higher strains, 
faster strain and AE rates, enhanced grain size reduction and increased crack 
densities. Amongst the supercritical fluids explored, the effect on compaction 
creep was smallest under N2-saturated conditions, significant for pure CO2, and 
most pronounced under wet-CO2-saturated conditions. In solution-flooded 
samples, a strong influence of solution pH on compaction behaviour was 
observed, with very low pH environments (pH ≤ 3.5) resulting in only small 
strains and few AEs, as well as slower strain and AE rates, limited grain size 
reduction and low crack densities. As solution pH increases (pH ≥ 4), a gradual 
increase in compaction and grain scale cracking and damage occurs, with 
increasing grain size reduction. More complex solution compositions lead to 
compaction behaviour that cannot be explained solely on the basis of solution 
pH, defined by the H+ concentration. 

 Compaction mechanisms in dry and fluid-saturated sand aggregates 4.4.1
Prior to the creep phase, samples were stress-cycled with increasingly larger 
stress steps applied at low-vacuum (dry) conditions (Figure 4.2). This resulted 
in strain hardening compaction and particle rearrangement with minor grain 
breakage, as evidenced by the relatively low crack density of the sample solely 
subjected to stress-cycling, leading to a “locked” aggregate state at the 
maximum stress of 35 MPa applied. Additional deformation during the creep 
phase at this (effective) stress must have been accommodated by inelastic or 
permanent deformation of grains and/or grain contacts.  

In general, mechanisms leading to inelastic deformation include: 1) dissolution 
of grains due to undersaturation of the pore fluid with respect to the unstressed 
solid; 2) pressure solution at the grain contacts; 3) subcritical crushing of grain 
contacts; and 4) subcritical fracturing of the grains (Brzesowsky et al., 2014b; 
Chester et al., 2007, 2004; Hangx et al., 2010a; Karner et al., 2003; Niemeijer et 
al., 2002). In uniaxial compaction, these operate in series with intergranular slip 
(Takei et al., 2001). Dissolution or pressure solution features are not evident in 
our microstructures. In addition, strain rate calculations, based on the pressure 
solution model of Spiers et al. (2004) and on quartz dissolution rate data from 
Brady & Walther (1990) for a simple cubic pack of spherical grains, yield rates 
between 10-12 and 10-13 s-1 for dissolution-controlled pressure solution. 
Calculations for strain rates generated by dissolution of the quartz grains due to 
undersaturation of the pore fluid with respect to the solid yield rates in the 
same order of magnitude. These predicted strain rates are four to eight orders 
of magnitude lower than observed in our experiments. Therefore, dissolution 
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and pressure solution are unlikely mechanisms for the observed compaction 
behaviour.  

On the other hand, there is widespread evidence for microcracking in both the 
AE and microstructural data. Plotting the crack density determined from the 
micrographs versus total creep strain shows a linear relation with a slope of 
approximately 1 (Figure 4.7a). Similarly, plotting for all experiments cumulative 
AE events versus strain after a maximum creep duration present in all 
experiments, i.e. t = 13 hrs, (Figure 4.7b) also suggests a positive relationship. 
However, several experiments (all experiments saturated with CO2, wet-CO2 
and washing detergent, one distilled water, one pH 1 and one pH 4 HCl 
experiment) show a relatively low number of AEs in Figure 4.7b, compared 
with the general AE vs strain trend. This might reflect other grain-scale 
mechanisms leading to compaction, such as dissolution processes or reduced 
intergranular friction. The microstructural work and order-of-magnitude 
calculations suggest that pressure solution is unlikely to have occurred in our 
experiments. Moreover, sliding between the sand grains is unlikely to be 
possible without some form of contact point failure or removal. Therefore, it 
seems likely that attenuation by the pore fluid impaired AE detection.  

 

Figure 4.7 Crack density as determined from micrographs versus total creep strain for all 
experiments (a) and cumulative AE events versus strain after 13 hrs of creep for all 
experiments (b).  

Wave attenuation in CO2 and wet-CO2 could account for the low number AEs 
registered in all CO2 and wet-CO2 experiments. This is supported by wave 
velocity measurements that yielded a stronger increase in the relative bulk 
modulus in CO2-saturated sandstone samples compared to sandstone samples 
saturated with water or N2 at the same conditions (Moghadam et al., 2016; 



Compaction creep behaviour of quartz sands 

119 
 

Njiekak et al., 2013). In the experiments with a washing detergent environment, 
the low concentration of detergent will not significantly change the density or 
bulk modulus relative to water. However, foam or air bubbles trapped in a pore 
fluid can attenuate seismic waves at low pore fluid pressures (<2 MPa; Tisato et 
al., 2015), such as the conditions imposed in our experiments, thereby impeding 
the AEs counts, resulting in an underestimation of AE events. Moreover, the 
wettability of quartz grain contacts may have been enhanced (Zdziennicka et 
al., 2009). We see no clear reason why attenuation would affect the outlying DI-
11, 1pH-04 and 4pH-01 experiments that all contained water or HCl solutions 
(Figure 4.7b).  

Excluding the aforementioned outlier data in Figure 4.7b, a linear relation 
between cumulative AE events and strain is observed. Performing linear least-
squares regression on the data sets results in approximately 960,000 AE/% strain 
(R2 = 0.85). Along this trend line, pore fluid pH increases, suggesting that 
increasing pore fluid pH enhances microcracking in our experiments, and 
indeed that compaction creep in our experiments is controlled by 
microcracking. Following grain or grain contact failure, grains and fragments 
presumably rearrange and contact stresses are redistributed. Similar inferences 
were made in previous studies on quartz sand compaction (Brzesowsky et al., 
2014a; Chuhan et al., 2003, 2002; Hangx et al., 2010a; Nakata et al., 2001a; 
Schutjens, 1991; Takei et al., 2001). 

In crystalline materials, like quartz, microcracking occurs via the growth of 
cracks originating from surface flaws. From fracture mechanics theory, it is 
predicted that surface flaws propagate when the stress intensity at the crack tip 
attains the critical stress value (!"*) (Griffith, 1920; Zhang et al., 1990). If the 
initial flaw length is much smaller than the grain size, surface flaws at the 
margin of the grain contact points are subjected to the Hertzian maximum 
tensile radial stress (Hertz, 1882). The stress field at the crack tip is then given 
by the mode I (opening mode) stress intensity factor !" = #�$%&'( )⁄ , where # is 
a dimensionless factor equal to 1.12 for an edge crack, �$ is the remotely applied 
stress and  is the half-length of the flaw or crack (Atkinson, 1984; Brzesowsky 
et al., 2014a; Frank and Lawn, 1967; Zhang et al., 1990). Critical or equilibrium 
crack growth occurs when the flaw size is equal or larger than the critical size 
and !" = !"* , resulting in grain failure. 

However, under favourable temperature, pressure, and chemical conditions, 
cracks can grow subcritically (i.e. with !" < !"*), via stress corrosion, 
dissolution, diffusion, ion exchange and microplasticity (Atkinson, 1984). In 
humid or wet environments, stress corrosion is classically inferred to be the 
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main mechanisms controlling subcritical crack growth (Atkinson and Meredith, 
1981; Dunning et al., 1994; Fisk and Michalske, 1985; Michalske and Bunker, 
1984). Stress corrosion cracking in quartz involves the rupture of strained Si-O 
bonds at the crack tip and proceeds at the molecular level by similar pathways 
to dissolution (Dove, 1995). Furthermore, strained Si-O bonds are more reactive 
than unstrained ones, as shown by molecular dynamic simulations (Colombi 
Ciacchi et al., 2008; Lindsay et al., 1994; Silva et al., 2006; Zhang et al., 2014). 
Corrosive species such as water or hydroxyl groups attack the Si-O bonds via 
hydrolysis and replace them by silanol (SiOH) surface groups, according to the 
reaction 

> Si − O − Si < �H)O = 2 > SiOH  (4.1) 
and 

> Si − O − Si < �OH2 = > SiOH�> SiO2 (4.2) 
where < or > indicate surface-bound species (Charles, 1958; Dove, 1995; Xiao 
and Lasaga, 1996, 1994). The resulting silanol surface groups are weakly 
bonded via a hydrogen bond, which breaks more easily than the strong Si-O 
bond, allowing the crack tip to propagate at lower stress levels (!" < !"*) 
(Michalske and Freiman, 1982).  

Reactions (1) and (2) describe the end-members of the solvent-surface 
interactions at the crack tip. The net crack growth rate is given by the relative 
contribution of each reaction via 

?@62A = BCDA�ECDA� � BACF%EACF' (4.3) 
where B6 is the rate constant for bond rupture by H2O or OH- and E6 is the 
surface site fraction of Si-O bonds reacting with H2O or OH- (Dove, 1995).  

Stress corrosion cracking in glass and quartz has been extensively studied and 
crack growth velocity found to be strongly influenced by temperature 
(Atkinson, 1984; Wiederhorn et al., 1980; Wiederhorn and Bolz, 1970), 
availability of water in the system (Atkinson, 1979; Michalske and Freiman, 
1983; Scholz, 1972; Wiederhorn, 1967; Wiederhorn et al., 1982) and solution pH 
(Atkinson and Meredith, 1981; Dove, 1995; Dunning et al., 1984; Wiederhorn 
and Johnson, 1973). In the following, the observed compaction creep behaviour 
and effect of chemical environment (supercritical fluids, simple and complex 
aqueous solutions) are analysed against this background.   

 The influence of supercritical fluids on compaction creep 4.4.2

Saturation of our quartz sand samples with supercritical fluids (N2, CO2 or wet-
CO2) had a fluid-specific response in terms of the amount and rate of strain and 
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of AE, grain size reduction and crack density, compared to a low-vacuum (dry) 
environment (Figures 4.3 and 4.5). Increasing strain and rates are observed 
progressing from N2 as pore fluid, to CO2 and wet-CO2, which cannot be related 
to the small difference in average stress experienced by the different samples. 
Whereas, stress corrosion cracking occurs via the rupture of weakened Si-O 
bonds due to water or hydroxyl attack, N2 and CO2 have no such effect as their 
molecular structure does not favour adsorption onto or cleavage of the strained 
Si-O bond (Michalske and Bunker, 1984; Michalske and Freiman, 1983). 
However, small amounts of water (> 0.2% relative humidity) can already 
accelerate crack growth velocities in glass, and faster rates are observed with 
increasing the relative humidity (Wiederhorn, 1967). Therefore, it is possible 
that trace amounts of water dissolved in the “pure” N2 and CO2 fluids used in 
our experiments aided stress corrosion. The water content of our N2 and CO2 
environments was constrained by the impurity content of the source gas bottles, 
which is at maximum 5 and 150 ppm (volume fraction) water, respectively. 
Taking these maximum values it can be inferred that the “dry” N2 environment 
contained up to 0.27 mol of water/m3 and the “dry” CO2 environment up to 8.17 
mol of water/m3 (water density 54,514 mol/m3 (Lemmon et al., 2018)) at 70 °C 
and 10 MPa pore pressure. In the wet-CO2 fluid at the same conditions, up to 
54.39 mol of water/m3 should have been dissolved in the supercritical CO2 
phase (Duan and Zhang, 2006) (CO2 density 5629.9 mol/m3 (Lemmon et al., 
2018)). By contrast, samples subjected to the low-vacuum environment should 
have been devoid of water.  

To assess the impact of water content on the compaction behaviour of our 
quartz sand samples, we plotted strain and strain rate versus the above pore 
fluid water concentration for the low-vacuum (dry) and supercritical fluids 
bearing experiments, and taking the molar density of water for the distilled 
water saturated experiments (Figure 4.8a and b). At each selected time, strain 
increases with water content. Similarly, for each plotted strain value, strain 
rates increase with water content. These trends qualitatively fit with the 
reported effect of relative humidity on crack growth velocity in glass 
(Wiederhorn, 1967). In addition, they are qualitatively consistent with the rate 
model for crack propagation in quartz developed by Dove (1995), which 
postulates that the rate of crack growth depends on the fraction of surface sites 
reaction with the corrosive species (equation (4.3)). In environments with a 
relatively high water content (e.g. wet-CO2 and distilled water), the 
concentration of water at crack tips will increase so that the reaction frequency 
between water and the Si-O bonds (BCDA) at crack tips intensifies, enhancing 
crack growth and, in the present case, sand grain or grain contact failure, and 
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hence compaction. Triaxial compression experiments on packs of loose granular 
novaculite and St. Peter sand (Chester et al., 2007) underpin this, as they 
showed a systematic increase in volumetric strain rate going from a dry 
environment to one containing water vapour and eventually being fully water-
saturated.  

 The influence of aqueous solutions on compaction creep 4.4.3

4.4.3.1 Simple acidic and basic solutions: the effect of pH 

Our results show that compaction of quartz sand is strongly influenced by pore 
fluid pH (Figure 4.8c and d), which do not relate to the small differences in 
average sample stress. At the times plotted in Figure 4.8c, strain increases with 
pH, though a minimum in strain is observed around pH 2.4. Similarly, at the 
selected strains and hence similar porosities shown in Figure 4.8d, strain rates 
increase with pH, except at the beginning of the experiments (0.1% and 0.3% 
strain), where a weaker dependence on pH is seen, especially at high pH.  

The observed sensitivity of compaction creep behaviour to solution pH is again 
qualitatively similar to the behaviour found in studies of subcritical crack 
growth velocities in glass and quartz, where crack growth velocities increase 
with increasing solution pH above pH 4 and remain roughly constant below pH 
2 (Atkinson and Meredith, 1981; Dove, 1995; Dunning et al., 1984; Wiederhorn 
and Johnson, 1973). Crack growth velocities are related to access and attraction 
of corrosive species (H2O and OH-) to the crack tip. The force of attraction 
depends on the degree of ionization of the quartz surface, i.e. the surface 
charge, which depends on solution pH (Dove and Elston, 1992; Du et al., 1994; 
Nangia and Garrison, 2008; Parks, 1984). At the pH point of zero charge 
(pHPZC), which for quartz lies is in the range of 2-3 (Kosmulski, 2018; Parks, 
1965), the quartz surface is neutrally charged and covered by an electrically 
equivalent number of positively (SiOH2+) and negatively (SiO-) charged surface 
groups (Parks, 1965). At pH>pHPZC, negative groups dominate the quartz 
surface, resulting in a negative surface charge, while at pH<pHPZC, the surface 
charge is positive due to the abundance of positively ionised surface groups. 
The charged quartz surfaces attract corrosive species such as H2O and OH- 
more strongly than neutrally charged surfaces, resulting in increased activity at 
the crack tip and faster crack growth velocities. Though our experiments were 
conducted at an elevated temperature, the pHPZC is expected to be relatively 
insensitive to temperature (Sverjensky and Sahai, 1998). In addition, crack 
velocities in alkaline solutions increase beyond those seen in neutral or acidic 
solutions due to the abundance of OH-, which is a stronger corrosive species 
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than water (Casey et al., 1990; Dove, 1995) due to its free electron, enhancing 
hydrolysis and breakage of the Si-O bond (Michalske and Freiman, 1983, 1982). 
Hence, the trends in strain and strain rate versus pH seen in Figures 4.8c and d 
match well with the expected effects of pH on subcritical crack growth rates at 
sand grain contacts.  

On this basis, our overall inference is that the main mechanism controlling 
compaction creep in our quartz sand samples in the presence of simple aqueous 
solutions was pH-controlled subcritical crack growth, coupled with subsequent 
grain rearrangement. This is in accordance with previous studies on quartz and 
feldspar sand (Hangx et al., 2010a).  

 

Figure 4.8 (caption on next page) 
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Figure 4.8 (previous page) The change of strain and strain rate with time and strain, 
respectively. (a) and (b) plot strain and strain rate versus the logarithm of water content 
for the supercritical fluids and distilled water experiment (see text). (c) and (d) plot 
strain and strain rate verus pH for the aqueous solutions. Strain is plotted for several 
moments in time. Strain rates are plotted for several levels of strain, each line represents 
a strain increment of 0.2%. In (c) and (d), solid symbols represent simple solutions, i.e. 
HCl solutions (pH 1, 2.4 and 4), distilled water and 9 pH NaOH solution, and open 
symbols represent complex solutions, i.e. solutions containing AMP (pH 2.5), AlCl3 (pH 
3.5) or washing detergent (pH 9.4). 

4.4.3.2 The effect of additives in complex solutions 

We now consider the effects of pore fluids containing AMP (pH 2.5), AlCl3 (pH 
3.5) and washing detergent (pH 9.4) additives. Each of the solutions has a pH 
similar to of one of the simple HCl or NaOH solutions used in this study, so 
that the effect of these additives on compaction creep could be investigated 
independently of purely pH effects. For this purpose, the strain and strain rate 
data obtained for samples tested using these complex solutions are added, 
using open symbols, to Figures 4.8c and d.  

Overall, these data show that the complex additives tended to lead to higher 
creep strains and higher creep strain rates at a given pH. Compaction in the 
presence of either AMP or AlCl3 solution initially increased strain by 20 and 8%, 
respectively, relative to compaction in presence of a simple aqueous solution of 
similar pH. With time this difference decreases, and eventually vanishes for the 
AlCl3 solution after 10 hrs (Figure 4.8c). Similarly, pore fluids containing AMP 
or AlCl3 supported strain rates that were initially faster than expected based on 
solution pH. However, by 1.7% strain, strain rates slowed to values below those 
observed using HCl/NaOH solutions (Figure 4.8d). In the presence of washing 
detergent solution with pH 9.4, strains were always larger than measured using 
the reference NaOH solution (pH 9), with the difference increasing with time 
(Figure 4.8c). Strain rates were initially slower than expected based on solution 
pH, but beyond 1.5% strain became faster (Figure 4.8d).  

The overall creep enhancing effect of the additives compared to their simple 
solution counterpart suggests that the chemical nature of the additive promotes 
additional subcritical crack growth. Quartz dissolution rates are enhanced in 
the presence of cations (Dove and Crerar, 1990; Dove and Elston, 1992; Dove 
and Nix, 1997; Kubicki et al., 2012; Tamada et al., 2012; Zhang and Liu, 2014) 
and organic acids (Bennett et al., 1988). At pH>pHpzc, attraction of cations to the 
negatively-charged quartz surface disturbs the surface structure by lengthening 
the Si-O bond and opens the bond angle (Dove and Crerar, 1990). This permits 
corrosive species to approach and attack the Si-O bonds more readily. This has 
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been inferred to be the main mechanism by which Na+ can enhance compaction 
creep rates in quartz and feldspar aggregates in the presence of NaCl solutions 
at pH values in the range 5.5-7 (Brzesowsky et al., 2014a; Hangx et al., 2010a).  

In the experiments performed using AMP solution (pH 2.5), the pH is very 
close to the pHpzc of quartz and the reactivity of the almost neutrally charged 
quartz surface with other species is minimal (Dove and Elston, 1992). AMP is a 
weak acid (Tantayakom et al., 2005). Ordered around a central nitrogen atom 
within the AMP molecule, are three methylene phosphate groups, each 
containing two hydroxyl groups available for deprotonation (Tantayakom et al., 
2005). Due to incomplete dissociation, not all six groups release protons into 
solution, leaving some hydroxyl groups for interaction with the quartz surface. 
We argue that though the acid nature of the AMP solution will inhibit 
microcracking compared to distilled water, the presence of corrosive hydroxyl 
groups in the AMP molecule enhances crack growth compared to the simple 
HCl solution of similar pH. Though this is speculation, molecular dynamics 
simulations, similar to the work of Kubicki et al. (2012) and Zhang & Liu (2014), 
could potentially demonstrate this. 

In case of the AlCl3 solution (pH 3.5), the quartz surface charge is slightly 
negative, attracting the Al3+ cations present in solution. Previous work (Iler, 
1973) has shown that these cations adsorb onto the quartz surface to form Al-O 
surface groups, which are likely positively charged in the pH 3.5 environment, 
as the pHpzc for Al-O groups is approximately 5-9 (Parks, 1965). Following Du et 
al. (1994), the disordered interface then allows water to approach the quartz 
surface more easily. In addition, it may be argued that the positively charged 
Al-O groups attract the few hydroxide ions present in solution at pH 3.5, which 
more strongly attack the quartz surface than do water molecules.   

In the pH regime of the washing detergent solution (pH 9.4), the quartz surface 
is very reactive (Dove, 1995). The larger strain and strain rates measured using 
this fluid, compared to the pH 9 NaOH solution, suggests that the washing 
detergent components perturb the solvent structure at the quartz interface. The 
detergent solution contains anionic surfactants, which are not attracted to the 
negatively charged quartz surface. On the other hand, the detergent also 
contains zeolites, which carry cations such as Na+, K+, Ca2+, and Mg2+ in their 
porous structure. It was reported that Na+ can be released into solution via a 
cation exchange reaction with H+ (Boyd et al., 1947), and may subsequently 
interact with the quartz surface as described by Dove & Crear (1990), 
presumably enhancing crack growth and compaction creep.  
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 Implications 4.4.4

The compaction creep experiments presented in this study show that creep of 
quartz sand aggregates due to grain and grain contact failure by stress 
corrosion cracking is strongly influenced by pore fluid chemistry, i.e. by water 
content or activity, solution pH and added solute species. The observed effects 
may be extended to the compaction creep of sandstones, when subcritical crack 
growth controls deformation. Previous workers have shown that microcracking 
is an important mechanism in sandstone deformation high stresses and strains 
(Heap et al., 2009b; Zhang et al., 1990) and the presence of water leads to a 
pronounced weakening effect (Baud et al., 2000; Hu et al., 2018, 2017). This 
suggests that, compared to the behaviour of quartz sands, sandstones respond 
similarly to changes in water content and solution pH, and presumably to the 
introduction of additives such as those studied here. However, sandstones are 
cemented by and contain other minerals, such as feldspars (Hangx et al., 2010a), 
carbonates (Liteanu et al., 2012) and clays. In detail, therefore, changing the 
pore fluid chemistry may influence the compaction creep behaviour differently 
from a pure granular quartz system, as each mineral has its own pHPZC and 
hence a different pH-dependence of crack growth and dissolution behaviour. In 
addition, the quartz grain size and the minerals cementing a sandstone (i.e. 
calcite or quartz) will influence crack growth velocity, trajectory and hence 
grain failure mode and creep rate (Rijken, 2005). Other creep processes may also 
operate. Time-dependent fluid-rock interactions at the sample-scale in CO2-
saturated sandstone have been extensively analysed (e.g. Rohmer et al., 2016), 
but a systematic study of the effect of other fluids on the time-dependent 
deformation of sandstone is lacking. 

Our experiments were performed at stress and temperature conditions similar 
to those pertaining to depleted sandstone gas reservoirs at 2-4 km depth. Even 
after substantial depletion, the state of stress in such reservoirs remains far 
below the range required for yield by widespread grain crushing (i.e.  below the 
the so called P* value or conventional yield point C* ;  see  Pijnenburg et al., 
2018, 2019). This implies that the grain-scale mechanisms operating in our sand 
samples may also operate during compaction of depleted reservoirs, but at 
lower rates due to the  lower porosities and hence lower grain contact stresses 
that characterise sandstones as opposed to loose sands. The creep strain rates 
measured in our study are 4-7 orders of magnitude faster than total reservoir 
compaction rates (i.e. elastic plus inelastic/creep rates) related to pore pressure 
depletion, which are approximately 10-12 s-1 for depleted reservoirs in the Po 
Basin, Italy (Ferronato et al., 2010; Menin et al., 2008), and the Groningen 
reservoir in the Netherlands (NAM, 2015), as calculated from surface 
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subsidence data. However, the relative effects of changes in pore fluid 
chemistry on compaction creep seen in our experiments provide insight into the 
potential effects of such changes on the creep of sand and sandstone reservoirs 
under depletion and post-depletion conditions.   

Assuming compaction of both unconsolidated sand and sandstone reservoir 
rocks is controlled by microcracking in quartz grains or quartz-rich cement, the 
results of this study may point to a potential strategy for mitigating reservoir 
compaction resulting from creep following or associated with natural gas 
production, or even geothermal energy production. Depleted gas reservoirs are 
not devoid of fluids, but partly saturated with site-specific formation water, 
which is a combination of the original formation water and ingress water from 
adjacent formations injected during stimulation activities. A gas or supercritical 
fluid at reservoir conditions, such as N2 or CO2, could perhaps be injected into 
the reservoir to mitigate compaction creep through pressure restoration or 
maintenance. Injection can locally dry the reservoir, as formation water will 
dissolve into the supercritical fluid, or else the supercritical fluid may displace 
the formation water, resulting in N2 or CO2-saturated pores. As shown in this 
study, supercritical fluids like N2 and CO2 inhibit compaction creep of quartz 
sand relative to aqueous solutions due to reduced chemical interaction with 
water (c.f. Figure 4.8a and 4.b), so that alongside pressure restoration effects, 
injection of these fluids might help mitigate compaction creep after natural gas 
production. Injection of CO2 has the added advantage of reducing 
anthropogenic CO2 emissions (IPCC, 2005) and reducing pore water pH hence 
inhibiting stress corrosion cracking. However, care needs to be taken when 
considering pressure restoration to avoid induced seismicity. While increasing 
pore fluid pressure and lowering the effective stress reduces the driving force 
for reservoir compaction, N2 and CO2 injection will also change the stresses 
acting on any nearby faults and possible expansion of the reservoir may lead to 
(reverse) fault motion (Ellsworth, 2013). Fault friction or creep might also be 
affected through chemical interactions (Samuelson and Spiers, 2012).   

Alternatively, aqueous solutions can be injected into reservoirs at lower 
pressures, with the aim of reducing the pH of the formation water or to 
introduce creep-inhibiting additives. Little data is available on the pH of 
formation waters, though for moderately saline waters it is believed to vary 
between 7 and 9, while for highly saline water it can be as low as 3 (Case, 1945; 
Hanor, 1994). Though this range is very broad, it is far from the optimal pH of 
2.4 (in pHpzc range), where observed compaction rates were slowest (Figure 
4.8d). In principle, formation fluid pH could be lowered in some cases by 
injecting an HCl-rich fluid into a quartz sand or sandstone reservoir, provided 
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the carbonate content is low. Another potential agent is AMP, as it reduces 
compaction creep compared to distilled water, though not as effectively as an 
HCl solution with the same pH. AMP has the advantage that it is already used 
as a scaling inhibitor in drinking water facilities, and is an environmentally safe 
additive.  

In all of the above scenarios, mitigation of reservoir compaction via fluid 
injection is only feasible when it can be done in a geomechanically and 
environmentally safe way. Multiple hazards are associated with fluid injection, 
including leakage, induced seismicity and reservoir deformation, which can 
have consequences for the atmosphere, surface and subsurface environment 
(Chapter 2; Schimmel et al., 2019b). Before any injection operation in a high 
uncertainty system like the subsurface can be implemented, these hazards and 
their consequences need to be considered, including their potential interplay, to 
create a throughout understanding of the cumulative risks. 

As a final remark, this study shows that the injection of alkaline solutions or 
solutions containing detergent is better avoided in porous sandstone reservoirs 
as it enhances compaction. Wastewater injection is very common in enhanced 
oil recovery (EOR) operations and during the production of shale gas. Besides 
increasing the pore pressure which can (re)activate faults (Ellsworth, 2013), 
these injection fluids also contain detergents that can promote compaction 
creep. In addition, pore fluid chemistry may affect fault gouge properties and 
hence fault stability (Dunning et al., 1994). Though there are many types of 
detergents and these findings may not be applicable to all, care has to be taken 
regarding the injection of fluids with an alkaline composition into sands and 
sandstones. 

4.5 Conclusions 

This paper focused on investigating the effect of changes in pore fluid 
chemistry on the 1-D compaction creep behaviour of quartz sand aggregates. 
Systematic uniaxial constant stress experiments were performed at 35 MPa 
effective stress and 80 °C, i.e. at realistic in situ reservoir conditions. The effect 
of chemical environment was tested, using a low-vacuum (dry) environment, 
three supercritical fluids (N2, CO2 and wet-CO2) at 10 MPa pore pressure, five 
simple aqueous solutions (HCl solutions of pH 1, 2.4 and 4, distilled water and 
NaOH solution of pH 9) added at atmospheric pressure, and three complex 
aqueous solutions (AMP solution of pH 2.5, AlCl3 solution of pH 3.5 and 
washing detergent solution of pH 9.4) also added at atmospheric pressure.  
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The following effects of chemical environment were observed: 

1. Compaction creep under low-vacuum (dry) conditions was slow and 
resulted in relatively small strains, slow strain and AE rates, a small 
reduction in grain size and a low crack density.  

2. Introduction of supercritical fluids enhanced compaction creep 
compared to dry conditions. The smallest effect was observed in the 
presence of N2 and the largest effect in the presence of wet-CO2. 
Though AEs were attenuated in the supercritical fluids, microstructural 
analysis evidenced increased grain breakage for N2, CO2, and wet-CO2, 
suggesting that microcracking controlled compaction creep. 

3. Addition of aqueous solutions promoted compaction creep compared 
to both dry and supercritical conditions. A clear trend with pH was 
observed, whereby compaction, strain and AE rates increased with 
solution pH for pH>2.4. Complex additive solutions invoked more 
compaction and faster creep strain and AE rates compared to their 
simple solution counterparts with the same or similar pH. 
Microstructural analysis indicated that microcracking was the 
dominant deformation mechanism.   

4. It was inferred that compaction creep in quartz sand aggregates is 
controlled by subcritical crack growth with subsequent rearrangement 
of grains and grain fragments. The observed effects of chemical 
environment were further inferred to be related to changes in activity of 
corrosive species (H2O and OH-) at the crack tip. In the case of the 
supercritical fluids, increased water content (wet-CO2 > CO2 > N2) was 
inferred to increase water availability and accessibility to the crack tip, 
thereby enhancing subcritical crack growth. In aqueous solutions at 
pH>pHpzc, corrosive species are inferred to be attracted to the quartz 
surface due to the surface charge, which is likely to promote crack 
growth. Moreover, in alkaline solutions the strong corrosive OH- ion is 
abundant, which is inferred to further enhance creep.  

5. Additives in the complex aqueous solutions are also attracted to the 
crack tip where, following previous work, they perturb the solvent 
structure at the quartz surface, by stretching and opening the Si-O 
bond. This is thought to improve the accessibility of the corrosive 
species to the Si-O bond, increasing the reaction frequency, which is 
inferred to promote crack growth and hence compaction creep.  

6. Assuming subcritical crack growth also controls reservoir compaction, 
the present results may point to potential strategies for mitigating 
reservoir compaction via the injection of fluids. Locally drying the 
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reservoir via the injection of gas or supercritical fluid may decrease the 
rate of compaction. Alternatively, injection of an acidic fluid to lower 
the formation water pH, such as CO2 or AMP, can potentially inhibit 
compaction creep. On the other hand, injection of alkaline fluids, such 
as wastewater, is better avoided as it can accelerate compaction creep of 
porous sand and sandstone reservoirs.   
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Abstract 

In the transition to a sustainable energy system, natural gas may be an interim 
source for relatively low-carbon energy production. However, hydrocarbon 
production worldwide is leading to reservoir compaction and, consequently, 
surface subsidence and induced seismicity, hampering the potential of natural 
gas. Reservoir compaction may potentially be mitigated by fluid injection. Fluid 
injection into porous subsurface reservoirs is also required in other technologies 
envisioned in a sustainable energy system, such as geothermal energy 
production and temporary storage of renewable energy. However, fluid 
injection into porous reservoirs may create a chemical disequilibrium between 
the pore fluid and host rock, potentially activating fluid-rock interactions that 
can cause compaction of the reservoir. These chemically activated fluid-rock 
interactions and not well-understood, and, therefore, we performed uniaxial 
compaction experiments at 35, 75 and 100 MPa effective stress, employing 
samples of Bentheim sandstone saturated with supercritical phases (i.e. N2, CO2, 
wet N2 and wet CO2), distilled water and aqueous solutions (i.e. 3.7 pH HCl 
solution, AMP solution and AlCl3 solution), as well as low-vacuum (dry) 
conditions. More creep strain and acoustic emissions (AEs) accumulated with 
increasing stress and sample porosity. While saturation with supercritical fluids 
produced slightly less creep strain than dry conditions, flooding with distilled 
water doubled the creep strain. The acidic solutions inhibited compaction creep 
compared to distilled water saturation. AE activity and microstructural analysis 
revealed that microcracking controlled deformation, presumably via stress 
corrosion cracking. While the supercritical fluids may have dried crack tips, 
distilled water likely reduced the stress required for Si-O bond breakage. The 
acidic solutions inhibited microcracking through, presumably, a change in 
surface energy. Our results suggest that fluids devoid of water, with low water 
content or acidic in nature can be injected into quartz-rich porous reservoirs 
without increasing reservoir compaction rates.  
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5.1 Introduction 

Natural gas is expected to play an important interim role during the transition 
from fossil fuels to sustainable energy as a lower carbon alternative to coal and 
oil (IEA, 2018). However, prolonged production of hydrocarbons can lead to 
unwanted phenomena such as surface subsidence and induced seismicity 
(Dahm et al., 2007; Doornhof et al., 2006; Nagel, 2001; Suckale, 2010; Van 
Thienen-Visser and Breunese, 2015). The occurrence of such phenomena in gas 
fields or in depleted reservoirs used to store natural gas could reduce the 
potential for natural gas to contribute to the energy transition. To limit the 
impact of natural gas production, particularly from smaller fields, a variety of 
concepts have been proposed for injecting fluids into the reservoir to mitigate 
reservoir compaction, either through pressure restoration (Colazas and Strehle, 
1995; Doornhof et al., 2006) or chemical manipulation (Schimmel et al., 2019a). 
Any of such actions clearly requires a firm understanding of the mechanical 
response of the reservoir rock. 

Subsurface fluid injection into aquifers and depleted hydrocarbon reservoirs 
also plays an important role in other strategies to reduce carbon emissions, 
notably in the context of geothermal electricity generation and geothermal 
heating of homes and building infrastructure (IEA, 2018; Limberger et al., 2018). 
In addition, depleted hydrocarbon reservoirs are targeted for permanent 
disposal of wastewater (Ferguson, 2015) and CO2 (IPCC, 2005), and for 
temporary storage of renewable energy (Mahlia et al., 2014) in the form of 
synthetic fuels (Graves et al., 2011), compressed air (Budt et al., 2016), or 
hydrogen (Tarkowski, 2019). In principle, all of these activities can potentially 
induce environmental and/or geological risks (Chapter 2; Liu and Ramirez, 
2017; Schimmel et al., 2019b). Induced seismicity is frequently observed in areas 
of active wastewater injection (Ellsworth, 2013; Weingarten et al., 2015) and in 
the vicinity of geothermal projects (Gaucher et al., 2015; Zang et al., 2014). 
Furthermore, injected fluids have the potential to leak, leading to economic loss 
(Anderson, 2017) and/or environmental impact (Deng et al., 2017; Ko et al., 
2016; Qafoku et al., 2017). To avoid these unwanted effects it is once again 
important to understand the response of the reservoir rock to the mechanical 
and chemical changes caused by fluid injection.  

Fluid production or injection affects the pore pressure (��) in the reservoir rock 
relative to the constant overburden stress (��), changing the effective stress 
acting on the reservoir rock (��,��� = �� − ��). Consequently, the reservoir rock 
may respond poro-elastically (Santarelli et al., 1998; Wang, 2000), thus affecting 
the state of stress in and around the reservoir. However, other effects, which are 
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less well-understood, include permanent (inelastic) deformation of the 
reservoir, in response to increased contact stresses during fluid extraction 
(Hettema et al., 2002; Hol et al., 2015; Pijnenburg et al., 2019, 2018), or to 
changes in the chemical environment during fluid injection and resulting fluid-
rock interactions (Chapter 4; Schimmel et al., 2019a). These changes may 
activate processes leading to time-independent or even time-dependent 
permanent deformation of the reservoir rock, such as intergranular sliding, 
grain rotation and rearrangement (Chuhan et al., 2003; Mesri and 
Vardhanabhuti, 2009; Omidvar et al., 2012; Takei et al., 2001), brittle failure of 
grains and grain contacts (Brantut et al., 2012; Brzesowsky et al., 2014b, 2014a; 
Pijnenburg et al., 2018), intergranular clay film deformation (Pijnenburg et al., 
2019; Spiers et al., 2017), stress-driven solution transfer (Dewers and Hajash, 
1995; Gratier et al., 2009; Schutjens, 1991; Spiers et al., 2004) and mineral 
dissolution/reaction due to fluid disequilibrium (Dove, 1999; Hajash et al., 
1998).  

Much work has been done on the deformation behaviour of reservoir rocks in 
response to applied stress, temperature and chemical environment. 
Experiments have been performed on loose sands (Brzesowsky et al., 2014b, 
2014a; Chester et al., 2007, 2004; Hangx et al., 2010a; Schimmel et al., 2019a; 
Takei et al., 2001), and sandstones (Baud and Meredith, 1997; Brantut et al., 
2013, 2012; Heap et al., 2018, 2009a, 2009b; Hol et al., 2018, 2015; Ngwenya et al., 
2001; Ojala et al., 2003; Pijnenburg et al., 2018; Rutter and Mainprice, 1978; Tsai 
et al., 2008; Yang et al., 2014; Yang and Jiang, 2010; Zhang et al., 2013). 
However, most studies to date have employed either air dry samples or else 
water or as pore fluid, leaving the effects of other chemically active fluid 
compositions, particularly on sandstone deformation behaviour, poorly 
explored. Moreover, creep experiments on sandstones under varying chemical 
conditions are few and rarely conducted under zero lateral strain conditions 
expected in situ (Segall and Fitzgerald, 1998).  

Against this background, we conducted compaction creep experiments on 
clean, quartz-rich, Bentheim sandstone in a uniaxial compaction vessel 
(oedometer), imposing zero lateral strain conditions, using tightly fitting 
samples jacketed in a thin polymer sleeve. A range of pore fluids, including dry 
and wet supercritical N2 and CO2, and aqueous solutions, were employed to 
investigate the effect of chemical environment on compaction creep. The 
chemical environments were selected based on a previous study investigating 
the impact of fluids on compaction of loose quartz sand (Chapter 4; Schimmel et 
al., 2019a). The experiments were performed at a typical reservoir temperature 
of 80°C (2-4 km depth), and at constant axial effective stresses of 35, 75 and 100 
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MPa, all well below the unconfined compressive failure strength of Bentheim 
sandstone (Klein et al., 2001). The experiments showed that 1-D compaction 
creep is strongly influenced by pore fluid chemistry, increasing with the activity 
of water and/or the pH of the fluid moving from dry and wet supercritical 
fluids to low-vacuum (dry) conditions to acidic aqueous solutions to distilled 
water. Acoustic emission data and microstructural analysis revealed that 
microcracking was the dominant deformation mechanism. The results imply 
that injection into quartz-rich reservoirs of fluids devoid of water or 
characterised by low water content, and acidic fluids would decrease reservoir 
compaction rates.  

 

Table 5.1 Overview of uniaxial compaction experiments on Bentheim sandstone in this 
study, all at 80 °C. 

Experiment 
φi 
[%] 

Chemical 
environment 

Fluid 
pH 

σeff 
[MPa] 

Characteristic 
stiffness [GPa] 

Duration 
creep phase 
[hrs.] 

εc 
[%] 

Control experiments 

unconstrained 22.3 
low-vacuum 
(dry) - 62a 7.0 ± 0.0 - - 

loadunload 22.3 
low-vacuum 
(dry)  100 10.1 ± 0.0 - - 

dry01 22.2 
low-vacuum 
(dry) - 35 - 43 0.05 

dry02 22.3 
low-vacuum 
(dry) - 75 7.9 ± 0.1 94 0.10 

dry03 22.2 
low-vacuum 
(dry) - 100 7.8 ± 0.1 43 0.21 

Supercritical fluids (Pp = 10 MPa) 
N202 21.8 N2 - 100 8.5 ± 0.1 41 0.15 
wN201b 22.3 wet N2 - 100 9.3 ± 0.1 68 0.31 
CO202 22.5 CO2 - 100 8.3 ± 0.7 43 0.17 
CO203 21.8 CO2 - 100 10.3 ± 0.1 42 0.09 
wCO201 22.3 wet CO2 - 100 9.6 ± 0.1 44 0.15 
Aqueous solutions (atmospheric pore pressure) 
DI01 22.3 distilled water 5.9 75 7.5 ± 0.8 64 0.23 
DI02 22.2 distilled water 5.9 100 9.6 ± 0.1 87 0.48 
3HCl01 21.8 HCl solution 3.7 100 10.6 ± 0.1 41 0.18 
AMP01 23.3 AMP solution 2.5 100 6.0 ± 0.0 43 0.51 
AMP02 22.4 AMP solution 2.5 100 8.9 ± 0.1 44 0.29 
AlCl301 22.4 AlCl3 solution 2.8 100 8.1 ± 0.1 67 0.25 

Note. φi denotes initial sample porosity as determined prior to testing through gravimetric 

methods, σeff applied effective stress, εc is the strain accumulated during creep. a Effective stress at 

failure. b Ingress of distilled water after approximately 25 hrs of creep. 
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5.2 Experimental method 

 Sample and pore fluid preparation 5.2.1
Cylindrical samples were cored from outcrop blocks of Bentheim sandstone, 
retrieved from the Gildenhausen quarry near the village of Bentheim, Germany. 
This sandstone was selected as it has been extensively studied and is well-
known for its relatively homogeneous composition, consisting mainly of quartz 
grains and quartz cement (Baud et al., 2006, 2004; Brantut et al., 2014; Heap et 
al., 2010, 2009a; Klein et al., 2001; Klein and Reuschlé, 2003; Louis et al., 2005; 
Ma et al., 2017; Ma and Haimson, 2016; Peksa et al., 2017, 2015; Stanchits et al., 
2009; Tembe et al., 2008; Vajdova and Wong, 2003; Wong et al., 2001). No 
bedding was apparent in either the starting blocks or the cored samples. The 
cores were 19.6 mm in diameter and approximately 50 mm in length. The 
porosity of all cores was determined using gravimetric methods and yielded 
porosities of 21.8-23.3% (Table 5.1). After porosity determination, the cores were 
cut into shorter cylindrical plugs of approximately 10 mm length. The ends of 
each plug were ground flat and perpendicular to the sample axis.  

In total, 14 uniaxial creep experiments were performed on such plugs, whereby 
three control experiments were done under low-vacuum (dry) conditions. In 
addition, eight different chemical environments were employed to investigate 
the effect of chemical environment on compaction creep (Table 5.1). Four 
supercritical phases were employed at a fluid pressure (Pp) of 10 MPa, 
including N2 (purity ≥ 99.999 vol %), CO2 (purity ≥ 99.7 vol %), water-saturated-
N2 (wet N2), and water-saturated-CO2 (wet CO2). In addition, two ‘simple’ 
aqueous solutions (HCl solution of pH 3.7 and distilled water) and two 
‘complex’ solutions were used, at atmospheric pressure. The complex solutions 
consisted of a widely used scaling inhibitor solution containing 0.004 M AMP 
(amino trimethylene phosphonic acid; pH 2.5) and a 0.01 M AlCl3 solution (pH 
2.8). 

Low-vacuum (dry) conditions were obtained by evacuating the sample within 
the oedometer compaction vessel before and during mechanical testing, using a 
single-stage rotary vacuum pump (Figure 5.1a). Dry supercritical fluids were 
prepared by filling an ISCO pump (total volume 68 mL) with pure N2 or CO2. 
These were then pre-pressurised to 9 MPa using a diaphragm pump (Figure 
5.1a). The externally heated ISCO pump was then used to achieve further 
pressurisation to 10 MPa at 60 °C, resulting in supercritical conditions (Lemmon 
et al., 2018). Wet N2 or wet CO2 phases were prepared by filling the ISCO pump 
with a small volume of water (10 mL) and filling the remaining volume with 
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pure N2 or CO2, respectively. The mixture was then pre-pressurised to 9 MPa 
using the diaphragm pump and further pressurisation to 10 MPa was achieved 
using the ISCO pump, while heating to 60 °C. This procedure yielded a 
maximum water concentration at 60 °C of 9.1 mol of water/m3 for the wet N2 
and 33.8 mol/m3 for the wet CO2 (see Chapter 4; Lemmon et al., 2018; Schimmel 
et al., 2019a; Sun et al., 2015; Sun and Dubessy, 2010). All supercritical fluids 
were prepared at 60 °C as opposed to the experimental conditions of 80 °C to 
protect the seals of the ISCO pump and prevent condensation of water in the 
wet phases upon injection into the sample. Prior to injection into the sample, the 
fluids were left to equilibrate overnight. 

The HCl solution of pH 3.7 was prepared by diluting a fixed quantity of 
hydrochloric acid (HCl) in distilled water. The 0.004 M AMP solution was 
prepared by diluting 1 ‰ AMP solution with 1 L of distilled water and for the 
0.01 M AlCl3 solution, 2.4143 g of aluminium chloride salt was dissolved in 1 L 
of distilled water. All of these acidic aqueous solutions were stirred for 
approximately 5 mins and left to equilibrate for at least 5 days prior to use. 
After equilibration, each solution was heated to 80 °C before measuring 
solution pH using a portable pH meter (Oakton Instruments).  

 

Figure 5.1 Overview of the experimental set-up used in this study. (a) Pore fluid system 
including a diaphragm pump, servo-controlled ISCO pump, Drechsel bottle and vacuum 
pump. Fluid pressure was measured using pressure transducers denoted PT. (b) Instron 
servo-controlled loading frame employed with a 100 kN load cell and (c) compaction 
vessel.   
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 Experimental set-up and acoustic monitoring system 5.2.2

The sandstone compaction experiments were performed in a uniaxial (1D) 
compaction vessel (oedometer), secured in an Instron 8862 servo-controlled 
loading frame (Figures 5.1b and c). The compaction vessel is modified from the 
vessel originally described by Schutjens (1991). This vessel was previously used 
for compaction experiments on loose granular material (Brzesowsky et al., 
2014a, 2014b; Hangx et al., 2010a; Schimmel et al., 2019a). In the present study, 
the vessel was employed for uniaxial compaction testing of tight-fitting 
sandstone plugs (prepared as described above) jacketed in a thin polymer 
sleeve, under zero radial strain boundary conditions. The radial (effective) 
stress was accordingly (near) zero at zero axial load, increasing with loading 
but unmeasured.  

The vessel and loading pistons are constructed from corrosion resistant Monel 
K-500, a copper-nickel-molybdenum alloy. The top piston contains a pore fluid 
bore, allowing both evacuation of the sample and injection of a pore fluid. A 1 
mm thick, porous, stainless steel plate between the top piston and sample 
ensures even distribution of fluid over the sample cross-sectional area upon 
fluid injection. In addition, it prevents loose sandstone grains from entering and 
clogging the pore fluid bore. Both the top and bottom piston are sealed against 
the vessel wall using EPDM O-rings.  

Axial force, displacement and temperature are controlled and measured 
throughout the experiment. Force is applied by advancing the Instron loading 
ramp. It is measured externally using the Instron load cell (0-100 kN range, 
resolution ± 0.05 kN). In addition, force is measured with an internal load cell 
(0-100 kN range, resolution ± 0.05 kN) located in the top part of the bottom 
piston. Piston position and displacement are measured using a linear variable 
differential transformer (LVDT) located in the Instron drive unit (± 50 mm 
range, resolution ± 0.25 μm) and a Sangamo LVDT (± 1 mm range, resolution 
± 0.1 μm) located between the upper piston and the vessel (Figure 5.1c). A 
furnace allows controlled heating of the sample with ± 0.5 °C accuracy using a 
K-type chromel-alumel control thermocouple. This thermocouple is positioned 
within the furnace windings and connected to a proportional-integral-
derivative (PID) controller. A second K-type thermocouple, embedded in the 
vessel wall adjacent to the sample, independently measures sample 
temperature.  

In addition, the experimental set-up is equipped with an acoustic emission (AE) 
monitoring system that detects and counts AEs produced by the compacting 
sample. The AE events are detected using a ceramic piezoelectric resonator, 
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mounted externally on the top piston (Figure 5.1c). The resulting signal passes 
through a precision preamplifier (36 dB gain) and a multistage signal 
conditioning system (24 dB gain). A 100 kHz to 1 MHz band-pass filter is 
applied to eliminate low frequency interference and sensor resonance effects. 
Lastly, a two-counter channel with a constant trigger-threshold of 200 mV, 
which is just above the noise level, discriminates and counts the incoming AE 
events. Pulse stretching times (PST) of 1000 μs and 500 μs are set for each 
counter, to check for wave pocket arrival-bouncing effects and counter 
saturation. In case of discrete events, the count rates from the two channels 
should be identical. 

Sample evacuation and fluid introduction are achieved via the pore fluid 
system (Figure 5.1a). This consists of a vacuum pump, Drechsel bottle, ISCO 
pump, diaphragm pump, and sources of compressed air (0.8 MPa), N2 and CO2 
(bottle pressures of 20 and 5.7 MPa, respectively). The vacuum pump is 
connected to the sample via the Drechsel bottle for evacuation of the sample. 
The diaphragm pump is used for pre-pressurising the fluids in the ISCO pump 
at 9 MPa. The ISCO pump is used to achieve further pressurization to 10 MPa, 
while heating to 60 °C. Via the combination of valves shown in Figure 5.1, the 
sample can be directly connected to the ISCO pump to inject fluids prepared in 
the ISCO pump. Alternatively, the sample can be connected to the Drechsel 
bottle for vacuum-flooding with aqueous solutions. Pore fluid pressure is 
controlled at 10 ± 0.14 MPa using the ISCO pump.  

 Experimental procedure 5.2.3

5.2.3.1 Control experiments 

Prior to the sandstone experiments with different chemical environments, a 
series of experiments was conducted to test whether the tight-fitting samples 
would be effectively constrained to (near) zero radial strain. In these control 
experiments, we deformed two aluminium samples with known elastic 
properties, as well as two Bentheim sandstone samples, under radially 
unconstrained (no jacket) and radially constrained (with tight-fitting jacket) 
conditions, at 80 °C. The aim was to compare the constrained and 
unconstrained elastic stiffness parameters for aluminium and Bentheim 
sandstone to measured values. Theoretically, the axial stiffness of an 
unconstrained sample is represented by the Young’s modulus (+). By contrast, 
for a fully constrained sample, the stiffness is represented by the constrained 
modulus (�), which can be calculated using the Young’s modulus and 
Poisson’s ratio (G) using the relation 
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� = +%1 − G'
%1 � G'%1 − 2G' (5.1) 

For aluminium, the Young’s modulus ranges from 68 to 70 GPa and the 
Poisson’s ratio from 0.33 to 0.346 (Pereira et al., 2009; Semari et al., 2013; 
Vilamosa et al., 2016), yielding an � value in the range 101 to 110 GPa. For 
Bentheim sandstone, the Young’s modulus lies in the range 8.9 to 14.7 GPa, 
while the Poisson’s ratio is reported to be 0.13-0.36 (Heap et al., 2010; Ma and 
Haimson, 2016; Peksa et al., 2015), which would give �= 9.3 to 17.6 GPa. 

For the unconstrained test on Bentheim sandstone, the sample was used as 
prepared, i.e. we used an unjacketed plug, 10 mm in length and 19.6 mm in 
diameter, which is slightly smaller than the 20 mm diameter vessel chamber. 
The aluminium sample used in the unconstrained test on this material was 
unjacketed and 19.5 mm in diameter. This sample was slightly smaller in 
diameter to compensate for the larger coefficient of thermal expansion of 
aluminium (αaluminium = 23 x 10-6 °C -1; (Vilamosa et al., 2016)) compared to 
sandstone (αBentheim = 10.9 x 10-6  °C -1; Peksa et al., 2017), ensuring the sample 
remained unconstrained during heating to 80 °C. For the constrained tests, a 
19.6 x 10 mm Bentheim plug was used as prepared, along with an aluminium 
sample of the same dimension. Both samples were jacketed with a fluorinated 
ethylene propylene (FEP), heat shrink sleeve of 200 μm thickness to make the 
sample fit exactly in the vessel.  The FEP-sleeve, with a coefficient of thermal 
expansion (αFEP) of 135 x 10-6 °C -1, compensated for the differential thermal 
expansion between the aluminium dummy sample or Bentheim sandstone 
sample and the compaction vessel (αMonel = 13.7 x 10-6  °C -1) during heating to 80 
°C, ensuring continued tightfitting of the sample in the vessel. Before testing, 
the jackets were sprayed with Molykote D-312R, to reduce friction between the 
sample and the vessel wall, and the spray was allowed to dry for at least one 
hour.  

Prior to inserting the sample into the compaction vessel, the vessel was 
mounted on its lower piston. A 10 mm high stainless steel spacer was emplaced 
in the vessel to position the sample in the centre of the vessel, and the 
(un)jacketed sample and porous steel plate inserted. The furnace and top piston 
were subsequently added and the entire assembly located in the Instron loading 
frame.  

5.2.3.2 Experiments on constrained sandstone samples using different chemical 

environments 

In preparation for each experiment, the sample was jacketed in a FEP sleeve 
and located into the 1-D compaction vessel and Instron loading frame as 
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described above. The compaction vessel was then heated to the target 
temperature of 80 °C in approximately 2 hrs, while simultaneously evacuating 
the sample assembly. After reaching the target temperature, a small stress of 0.3 
MPa (equivalent to a load of 0.1 kN) was applied to the sample. In the case of 
the low-vacuum (dry) experiments, a loading ramp was applied with a constant 
stress rate of 5 MPa/min, corresponding to loading strain rates in the range 
1.5·10-5 to 2.0·10-5 s-1, to attain a constant applied stress of 35, 75 or 100 MPa 
(Table 5.1).  

A slightly different approach was used for the experiments employing a high-
pressure pore fluid. After insertion of the sample and installation of the 
apparatus in the Instron frame, a 3 mm gap was created between the upper 
piston spacing block and the Instron load cell (see Figure 5.1). Then, the 
pressurised fluid (Pp = 10 MPa) was introduced. After pore pressure 
stabilisation (1-2 mins), the top piston was slowly advanced (1 mm/min) to 
apply a small load to the sample (touch position). During slow piston 
advancement to this position, dynamic seal friction was determined in the 
presence of the high-pressure fluid, being 0.4-0.8 MPa. Subsequently, a loading 
ramp of 5 MPa/min was initiated to increase the applied stress to 110.4-110.8 
MPa, such that the effective stress on the sample was 100 MPa. Samples tested 
with aqueous pore fluids at atmospheric conditions were first vacuum-flooded 
with the pore fluid, at a small applied stress of 0.3 MPa. The pore fluid pressure 
was maintained at atmospheric pressure by drainage to air. After flooding, the 
applied stress was increased to 75 or 100 MPa (Table 5.1) at 5 MPa/min. In all 
experiments, the creep phase was taken to commence at the moment the final 
constant stress was reached on the sample. 

The creep phase lasted up to 94 hrs, after which each test was terminated (see 
Table 5.1). Experiments performed at low-vacuum (dry) conditions were 
completely unloaded at 5 MPa/min, followed by removal of the vacuum. 
Samples saturated with pressurised fluids were first unloaded (5 MPa/min) to 
their original touch position, and after removing the pore pressure, the samples 
were fully unloaded. Vacuum-saturated samples were fully unloaded at a rate 
of 5 MPa/min, maintaining drainage to atmospheric pressure. After unloading, 
the furnace was switched off and the samples were left to cool to room 
temperature. Finally, the assembly was removed from the Instron loading 
frame and the samples were carefully extracted. Wet samples were placed in an 
oven at 50 °C to dry for a minimum of five days prior to preparation for 
microstructural analysis.  
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 Data acquisition and processing 5.2.4

Throughout each experiment, external Instron load, internal load, Instron LVDT 
position, Sangamo LVDT position, sample temperature and cumulative acoustic 
emission count were logged at an interval of one second. Applied axial stress 
and effective axial stress were calculated from the external Instron load and 
internal load data, using pore fluid pressure data where relevant. Friction 
between the top piston seal and vessel wall was considered negligible for all 
experiments (<0.8 MPa – see above). However, comparison of external and 
internal load cell data indicated measurable sample-vessel wall friction. The 
difference between the external and internal stress was smallest in the 
experiments conducted with pressurised pore fluids, e.g. at 100 MPa effective 
stress, the stress measured by the internal load cell varying between 99.4 and 
102.4 MPa. For experiments conducted at low-vacuum (dry) conditions or with 
aqueous solutions at atmospheric pressures, the internal axial stress measured 
between 94.5 and 98.4 MPa at 100 MPa applied stress. Taking the sample stress 
as the average of the internally and externally measured stress yields an 
average (effective) sample stress of 101.0 ± 0.9 MPa for samples employing 
pressurised pore fluids, and 98.4 ± 1.0 MPa for dry and vacuum-saturated 
samples. On this basis, sample-vessel wall friction is assumed to be < 2.6% of 
the applied effective stress in all cases.  

Sample length was measured prior to testing using a calliper, as well as by 
comparing the Instron LVDT position to an empty vessel reference point. 
Though both approaches yielded similar results, the latter was preferred as this 
allowed calculation of the instantaneous sample length. Both the Instron LVDT 
position and the Sangamo LVDT displacement data were corrected for elastic 
machine distortion using a predefined, eighth-order polynomial function 
determined from machine calibrations on the experimental set-up without a 
sample. In addition, the time and Sangamo LVDT displacement data was time-
averaged over a window of 60 s to reduce noise in the data. From the corrected 
and averaged displacement data, instantaneous volumetric strain, defined as 
�� H  − ∆� ��⁄ , was calculated, where �� is the length of the sample at the start 
of the loading or creep phase and ∆� is the change in sample length at any 
subsequent instant. The corrected and averaged time and displacement data 
measured during the creep phase were used to calculate instantaneous strain 
rates defined as :; = −%1 �⁄ '%=� =>⁄ '. The strain rates were calculated by 
performing a least-squares inversion over a variable time window centred 
around each individual displacement data point. The window size was based 
on a set displacement tolerance of 4 μm. Though this method allowed for 
accurate determination of both high and low strain rates, large errors were 
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found towards the end of several experiments when the displacement 
resolution (±0.1 μm) of the Sangamo LVDT was reached. Therefore, strain rates 
with an error of more than 1.5% and/or rates below 10-8.0 s-1 were excluded from 
further analysis. Similarly, instantaneous AE rates were calculated from the 
cumulative AE count data, with the tolerance for the AE window size set to 
200 AE events. 

In addition, the axial sample stiffness during loading was evaluated for each 
sample. The characteristic sample stiffness is defined as the slope of the linear 
part of the stress-strain curve during loading, determined via linear least-
squares regression. In the current experiments, the stress-strain curve was 
nonlinear at stresses below 30 MPa, and hence the characteristic sample 
stiffness was determined for higher stresses (see Figures 5.2a and c).  

 Analytical and microstructural methods 5.2.5
After drying, all samples, except dry01, CO202 and AMP01, were impregnated 
with a low-viscosity, blue-dyed (Oil Blue organic dye, DuPont), epoxy resin 
(Araldite 2020) for microstructural analysis. Thin sections (~30 μm thick) were 
cut parallel to the loading axis and analysed using transmitted light 
microscopy. The blue-dyed resin resulted in a clear distinction between pores 
and grains. Micrograph mosaics (50 x magnification; 9 by 18 mm) covering the 
entire thin section were obtained to qualitatively investigate the grain-scale 
mechanisms controlling deformation. 

5.3 Results 

 Control experiments on unconstrained vs. constrained samples 5.3.1

The results of our control experiments performed on aluminium and sandstone 
samples to investigate if the FEP-sleeve approach would effectively constrain 
tight-fitting samples to (near) zero radial strain are shown in Figure 5.2. In both 
the constrained and unconstrained experiments using aluminium dummies, the 
samples were loaded and unloaded in six cycles up to a maximum applied axial 
stress of 55 MPa under lab dry conditions at 80 °C. Both samples showed a 
highly compliant, non-linear stress-strain response (Figure 5.2a) up to ~10 MPa, 
followed by rapid stiffening in the range 10-20 MPa. This likely reflects 
stiffening of the machine related to increased alignment at higher stresses. 
Above 30 MPa (dashed horizontal line in Figure 5.2a), the stress-strain response 
approached linear behaviour, which enabled us to determine the characteristic  
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Figure 5.2 Loading and unloading data of FEP-constrained and unconstrained 
aluminium and Bentheim sandstone samples at 80 °C. (a) Stress-strain curves reflecting 
the first stress-cycle of the aluminium samples. Note the non-linearity up to 30 MPa 
(vertical dashed line). (b) Characteristic stiffness of the aluminium samples, determined 
at applied stresses above 30 MPa for each cycle. Error bars indicate the 95% confidence 
interval, which is in some cases smaller than the symbol size. The orange and blue zones 
indicate the range of literature values for the unconstrained (Young’s modulus, + = 68-70 
GPa) and constrained modulus (� = 101-110 GPa) for aluminium, respectively. (c) Stress-
strain curves and (d) cumulative AE count during loading for the unconstrained and 
constrained (loadunload and dry02) sandstone samples under low-vacuum (dry) 
conditions. Note AEs were not recorded in the loadunload test. T denotes temperature, 
φi initial sample porosity and AE acoustic emission. 
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stiffness of the dummy samples for eachstress-cycle in the range 30-55 MPa. 
This varied over the six stress-cycles applied (Figure 5.2b), with the 
unconstrained and unconstrained aluminium sample showing a stiffness of 
approximately 70 GPa and 144 GPa, respectively.  

The results obtained in the unconstrained and constrained control tests 
performed using Bentheim sandstone at low-vacuum (dry) conditions and 80 
°C are shown in Figures 5.2c and d. Only one loading cycle was applied in these 
runs. For reference, the loading data of experiment dry02 is added to these 
figures, because it had the same starting porosity and was conducted under the 
same conditions. Overall, the stress-strain behaviour of the sandstone samples 
showed similar characteristics to the aluminium dummy at axial stresses up to 
~60 MPa, with the exception that the stiffness was much lower. Between 30 and 
60 MPa (dashed horizontal lines in Figure 5.2c), the stress-strain response of the 
unconstrained and constrained samples approached linear behaviour, such the 
characteristic stiffness of the sandstone samples could be determined in the 
range 30-60 MPa.  The characteristic stiffness of the unconstrained sandstone 
samples was 7.0 ± 0.0 GPa, while the constrained samples had higher stiffness 
values of 10.1 ± 0.0 GPa (loadunload) and 7.9 ± 0.1 GPa (dry02, see Table 5.1). As 
can be seen, the unconstrained sample (grey line in Figure 5.2c) failed at 
approximately 62 MPa applied stress, indicated by the rapid increase in strain 
and deviation from linearity of the stress-strain curve. This was accompanied 
by a surge in AE activity (Figure 5.2d). The FEP-constrained sandstone sample 
did not show this type of behaviour, as evidenced by the much lower AE count 
(16,000 AE counts versus 65,000 AE counts when unconstrained).  

 Deformation of constrained sandstone samples during loading 5.3.2
For the active loading phase of the experiments, the strain versus applied axial 
stress behaviour observed for the constrained samples exposed to different 
chemical environments is similar to that observed in the control experiments 
(Figures 5.3a and b; cf. Section 5.3.1). Most experiments fall in the strain range 
of 1.8-2.4% at the end of the loading stage, with the exception of experiments 
dry01, dry02, DI01, CO203 and AMP01, which all showed strains 
approximately 0.5% higher. The experiments employing supercritical fluids 
generally showed a more rapid increase in strain for the first few MPa of stress 
applied to the sample. There does not appear to be a systematic effect of fluid 
on the strain achieved during loading though it is noteworthy that, in the low-
vacuum (dry) experiments, the onset of audible AEs is evident at much lower 
applied stresses than in the fluid-saturated experiments (see Figures 5.3c and d). 
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Figure 5.3 (caption on next page).  

  



Compaction creep of Bentheim sandstone  

147 
 

Figure 5.3 (previous page) Mechanical and acoustic data for the FEP-jacketed (laterally 
constrained) Bentheim sandstone samples during active loading under low-vacuum 
(dry) conditions and saturated with supercritical fluids or aqueous solutions. All 
experiments were loaded an axial loading rate of 5 MPa/min, corresponding to loading 
strain rates in the range 1.5·10-5 to 2.0·10-5 s-1. (a and b) Stress-strain curves. (c and d) 
Cumulative AE count during loading. (e) Characteristic stiffness determined using a 
linear fit to the data shown in a and b between 30 and 60 MPa effective stress as a 
function of (e) water concentration and (f) as a function of solution pH. Error bars 
indicate the 95% confidence interval, which is in some cases smaller than the symbol 
size. Porosity is indicated and tie lines are added between samples with similar porosity. 
Samples and corresponding pore fluid conditions are identified in Table 5.1. AE data 
was most likely improperly recorded during the HCl, AMP and AlCl3 solution 
experiments, hence the lighter shaded curves and labels. 

The characteristic stiffness of each sample was determined from a linear fit to 
the stress-strain data in the applied effective stress range 30 to 60 MPa and 
yielded values between 6.0 and 10.6 GPa. Note that experiment dry03 was 
excluded from this analysis, because it was only loaded to 35 MPa. The stiffness 
appeared to be independent of water concentration (Figure 5.3e) and fluid pH 
(Figure 5.3f). By contrast, sample porosity, despite falling in a narrow range of 
21.8-23.3%, appeared to impact the amount of total strain obtained during 
loading, with the higher porosity samples CO202 (φi = 22.5%) and AMP01 (φi = 
23.3%) being more compliant, with characteristic stiffness of 8.3 ± 0.7 and 6.0 ± 
0.0 GPa, than their lower porosity counterparts CO203 (φi = 21.8%) and AMP02 
(φi = 22.4%) with stiffness values of 10.3 ± 0.1 and 8.9 ± 0.1 GPa, respectively (see 
Figures 5.3e and f).  

 Compaction creep at different applied stresses and low-vacuum (dry) 5.3.3

vs. wet conditions 

The compaction creep data obtained for the sandstone samples after loading to 
a constant applied (effective) stress of 35, 75 and 100 MPa at low-vacuum (dry) 
conditions, and 75 and 100 MPa applied stress at fluid-saturated (distilled 
water) conditions are presented in Figure 5.4. All experiments showed rapid 
accumulation of strain in the first few minutes after attaining the creep testing 
stress, followed by ongoing deformation at decreasing strain rates (Figure 5.4a 
and c). The AE data showed a similar response versus time and strain (c.f. 
Figures 5.4a and b, and Figures 5.4c and d). Note that for an applied stress of 35 
MPa under dry conditions, almost no strain and no AE counts were 
accumulated during the creep phase, excluding reliable calculation of strain rate 
and AE rate. 
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As expected, creep strains and cumulative AE count increased with increasing 
applied stress (Figures 5.4a and b). After 40 hrs of compaction at low-vacuum 
(dry) conditions, the total creep strain amounted to 0.02, 0.09 and 0.2% at 35, 75 
and 100 MPa applied stress, respectively (Figure 5.4a). A similar trend was 
observed in the AE counts, with almost no AEs counted at 35 MPa applied 
stress, and approximately 2,200 and 9,500 AEs counted at 75 and 100 MPa 
applied stress, respectively (Figure 5.4b).  

Furthermore, at given applied stress, more creep strain and AEs were measured 
in samples saturated with distilled water compared to dry conditions (Figures 
5.4a and b). After 40 hrs under distilled water conditions, creep strain was 
roughly double the strain measured under dry conditions, amounting to 0.17 
and 0.41% at 75 and 100 MPa applied stress, respectively (Figure 5.4a). This 
increase in strain was also reflected in the cumulative AE data, with 3.5 times 
more AEs counted during wet creep, i.e. approximately 7,800 and 33,300 counts 
at 75 and 100 MPa applied stress, respectively (Figure 5.4b).  

Similarly, strain rates increased with applied stress and saturation of the sample 
with distilled water, and, for all samples, creep strain rates decreased with 
accumulating strain (Figure 5.4c). At 75 MPa applied stress, initial strain rates 
were roughly similar (10-6.6-10-6.5 s-1) for the dry and wet sample, but as 
compaction increased, creep under dry conditions slowed down more rapidly 
with strain, compared to fluid-saturated conditions. By contrast, at 100 MPa 
applied stress, initial strain rates were higher under fluid-saturated conditions 
compared to the dry environment, measuring 10-6.0 and 10-5.6 for the dry and 
distilled water sample, respectively. This behaviour was also reflected in the AE 
rate data (Figure 5.4d), with higher AE count rates being measured at larger 
applied stress and under distilled water-saturated conditions (Figure 5.4d). 
Initially, i.e. up to 0.03% strain (10-3.55), the 75 MPa distilled water experiment 
showed a slightly lower AE count rate (100.4 s-1) and strain rate than the 75 MPa 
dry experiment. At 100 MPa applied stress, AE rates of 101.4 and 101.8 s-1 were 
measured in the dry and wet sample, respectively, in line with the higher strain 
rates obtained for the distilled water-saturated samples (cf. Figure 5.4c). 
Interestingly, the decrease in strain rate and AE rate with strain seen in the dry 
experiments appeared to be more rapid than for the fluid-saturated 
experiments. 

The close correlation between strain and AE count is explicitly shown in Figure 
5.5, where cumulative AE count and AE rate are plotted as a function of strain 
and strain rate, respectively. A linear relation between AE count and strain was 
observed for all applied stresses in both the low-vacuum (dry) and distilled 
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water-saturated conditions (Figure 5.5a). In addition, AE rate showed a linear 
dependency on strain rate, which can be approximated by a slope of 1 for all 
dry and distilled water-saturated samples (Figure 5.5b). 

 

 
Figure 5.4 The effect of applied stress and low-vacuum (dry) versus fluid-saturated 
(distilled water) on compaction creep in Bentheim sandstone. (a) Strain and (b) 
cumulative AE count versus time. (c) Log strain rate and (d) log AE hit rate as a function 
of log strain. Note that the creep and AE rates could not be calculated for the dry 
experiment conducted at 35 MPa, due to insufficient compaction over time. T denotes 
temperature, σeff effective stress and φi initial sample porosity. The applied stress is 
indicated in brackets for each experiment. The zero reference is the start of the creep 
phase, i.e. the moment a constant stress is applied to the sample. 
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Figure 5.5 Cumulative AE count and strain data collected during compaction creep of 
low-vacuum (dry) and distilled water-saturated Bentheim sandstone samples at applied 
stresses of 35, 75 and 100 MPa. (a) Cumulative AE counts versus strain. (b) Log AE rate 
versus log strain rate. Note that the creep and AE rates could not be calculated for the 
dry experiment conducted at 35 MPa, due to insufficient compaction over time. The zero 
reference is the start of the creep phase, i.e. the moment a constant stress is applied to the 
sample. 

 Compaction creep in various chemical environment 5.3.4

5.3.4.1 Compaction creep in supercritical fluids 

The Bentheim sandstone samples were allowed to creep at 100 MPa effective 
stress while being saturated with supercritical fluids at 10 MPa pore pressure. 
The supercritical fluids included N2, wet N2, CO2 and wet CO2. All samples 
showed compaction creep behaviour similar to that observed for dry and water-
saturated samples, with an initial rapid increase in strain, followed by a slowing 
down of the creep rate (Figure 5.6). Note that the sudden increase in strain and 
strain rate around 25 hrs in the wet N2 experiment was caused by ingress of 
distilled water due to a leaking pore fluid system. AE data was not recorded in 
the wet N2 and wet CO2 experiment due to technical issues. 

Overall, it can be noted that samples saturated with supercritical fluids 
displayed less creep strain and fewer AEs than samples loaded under dry 
conditions. In addition, a small effect of sample porosity was observed, with 
creep strain and AEs increasing with porosity (cf. CO202 and CO203). Focusing 
on the samples with a porosity of 22.2-22.5%, after 20 hrs of creep, the samples 
saturated with wet N2, CO2 and wet CO2 displayed similar amounts of creep 
strain, ranging from 0.11 to 0.13% (Figure 5.6a), which was less than the amount  
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Figure 5.6 Compaction creep in Bentheim sandstone saturated with N2, wet N2, CO2 or 
wet CO2. Sample compacted under low-vacuum (dry) conditions is added for reference. 
(a) Total strain and (b) cumulative AE count versus time. (c) Log strain rate and (d) log 
AE hit rate as a function of log strain. T denotes temperature and σeff effective stress. For 
each experiment, initial sample porosity φi is indicated, with all samples falling within 
the porosity range 21.8-22.5%. Note that AE data could not be collected during the wet 
N2 and wet CO2 experiments. The zero reference is the start of the creep phase, i.e. the 
moment a constant stress is applied to the sample. 

of strain measured for the dry sample (0.18%). Note that for similar sample 
porosities there is no significant difference in the strain accumulated in the 
presence of wet CO2 compared to wet N2. For samples with a slightly lower 
porosity (φi = 21.8%), saturation with CO2 produced less creep strain (CO203; 
0.08%) than saturation with N2 (0.12% strain). The observed strain-time 
behaviour in response to different chemical environments was also reflected in 
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the cumulative AE data (Figure 5.6b). While almost 9,000 AE counts were 
registered in the dry sample at 20 hrs, 3,000 AEs were measured in the higher 
porosity CO2 experiment (CO202), and 3,500 and a little over 1,000 AEs in the 
lower porosity N2 and CO2-saturated samples (CO203).  

Strain rates and AE rates in samples saturated with supercritical fluids were 
lower overall than the rates measured for a dry environment (Figures 5.6c and 
d). Initial strain rates ranged from 10-6.8 to 10-6.0 s-1 and decreased as creep strain 
accumulated. For the slightly lower porosity samples (φi = 21.8%), the reduction 
in strain rate  with strain appeared to be more rapid than for the more porous 
samples (φi = 22.2-22.5%), i.e. a strain exponent of -4.2 to -5.6 s-1 compared to -
2.6 to -3.4 s-1. AE rates in all experiments decreased from initial values of 
approximately 101 s-1 to final values at test termination of 10-2 s-1 (Figure 5.6d). 
Though overall AE rate was highest in the dry experiments, it displayed the 
most rapid reduction with increasing strain. The lowest reduction in AE rate 
with strain was observed for the high porosity CO2-saturated sample (CO202). 
The low porosity N2 and CO2-saturated (CO203) samples displayed an 
intermediate reduction in AE rate with increasing strain.  

Though the presence of supercritical fluids caused less compaction and slower 
creep rates than seen under dry conditions, the compaction behaviour 
significantly changed in experiment wN201, where, after 25 hrs of creep, water 
leaked into the sample. This led to a marked increase in strain and strain rate 
(Figures 5.6a and c). After the initial surge in strain rate upon water ingress, the 
strain rate decayed to rates similar to before after approximately 0.2% of strain. 
This behaviour is in accordance with that observed when comparing individual 
dry and water-saturated experiments (cf. Section 5.3.3). 

5.3.4.2 Compaction creep in acidic aqueous solutions 

After loading, the sandstone samples flooded with acidic aqueous solutions 
(pH 3.7 HCl solution, pH 2.5 AMP solution, pH 2.8 AlCl3 solution) were 
allowed to creep at 100 MPa constant stress. These samples displayed typical 
compaction creep behaviour similar to that exhibited by the dry, distilled water-
saturated and supercritical fluid-saturated samples (Figure 5.7). In the porosity 
range 22.2-22.4%, samples saturated with acidic solutions showed less creep 
strain and fewer accumulated AEs, and lower creep strain rates and AE rates 
than the sample tested with distilled water at 100 MPa stress (Figure 5.7). 
However, the introduction of acidic fluid still led to more deformation 
compared to the vacuum-dry environment. 
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Figure 5.7 Compaction creep in Bentheim sandstone saturated with pH 3.7 HCl solution, 
AMP solution (pH 2.5) or AlCl3 solution (pH 2.8). Sample compaction under low-
vacuum (dry) conditions and saturated with distilled water are added for reference. (a) 
Total strain and (b) cumulative AE count as a function of time. (c) Log strain rate and (d) 
log AE hit rate as a function of log strain. T denotes temperature and σeff effective stress. 
For each experiment, initial sample porosity φi is indicated, with all samples falling 
within the porosity range 21.8-23.3%. AE data was most likely improperly recorded 
during the HCl, AMP and AlCl3 solution experiments, hence the lighter shaded curves 
and labels. The zero reference is the start of the creep phase, i.e. the moment a constant 
stress is applied to the sample. 

After 40 hrs of compaction and focusing on the experiments in the porosity 
range 22.2-22.4%, the lowest creep strain was measured in the AlCl3 solution 
experiment (0.22%), while the AMP solution-saturated sample exhibited 0.28% 
strain. Overall, less creep strain was produced in the acidic environments 
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compared to distilled water (0.41% strain). This influence of chemical 
environment was also reflected in the strain rate data. Initial creep strain rates 
were between 10-6.0 and 10-5.6 s-1, and reduced with ongoing creep (Figure 5.7c). 
The decrease in strain rate was faster in the acidic environments (strain 
exponent of -3.9 and -4.3 s-1 for AMP02 and AlCl301, respectively) than in the 
dry (strain exponent of -3.4 s-1), and the water-saturated environments (strain 
exponent of -2.8 s-1).  

Besides the effect of chemical environment, porosity played a role in controlling 
the amount of strain and the strain rate, as illustrated by experiments 3HCl01 
(φi = 21.8%) and AMP01 (φi = 23.3%), which is in accordance with previous 
observations (cf. N202 and CO203). The sample saturated with pH 3.7 HCl 
solution produced the smallest amount of creep strain, while the strain 
measured for the more porous AMP01 sample was almost double (0.51%), 
compared to its 22.3% porosity equivalent. The influence of porosity is also 
reflected in the strain rate data, as evidence by lower and higher strain rates for 
3HCl01 and AMP01 compared to the samples in the porosity range 22.2-22.4% 
(Figure 5.7c). 

Unfortunately, a problem with the AE sensor was noted after the experiments 
with acidic aqueous solutions were conducted, suggesting that the AE counts 
may have been impeded due to insufficient contact of the piezoelectric 
resonator with the vessel. This may explain why the cumulative AE counts 
recorded in the experiments conducted with acidic aqueous solutions were 
lower than expected based on the creep strain data and compared with the 
number of AEs recorded in the dry and wet reference experiments (Figure 5.7b 
– note that for these experiments the curves are lighter shaded). However, the 
AE data qualitatively matched the trends observed in the strain data, i.e. the 
highest number of AEs were seen the higher porosity AMP solution-flooded 
sample, intermediate values were obtained for the lower porosity AMP solution 
experiment and AlCl3-saturated sample, and the lowest number of AE’s was 
obtained in the pH 3.7 HCl solution experiment.  

 Microstructural data 5.3.5
A single undeformed Bentheim sandstone sample was analysed using optical 
microscopy. Manual counting of the grains confirmed that 95% of the grains 
consisted of quartz. The remaining grains consisted of corroded feldspar (~4%), 
partly altered to clay minerals. Primary clay minerals were also present and 
lined the pores in some areas (< 1%). The quartz grains were rounded to 
subrounded and ranged from 70 to 450 μm in diameter, with a mean grain size  
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Figure 5.8 (caption on next page).  
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Figure 5.8 (previous page) Transmitted light micrographs showing the microstructure of 
Bentheim sandstone samples. (a) Undeformed state. (b) After loading to 100 MPa 
applied stress under low-vacuum (dry) conditions and directly unloading. (c) After 
compaction creep at 100 MPa applied effective stress under low-vacuum (dry) 
conditions. (d-g) Samples tested under same conditions (100 MPa effective stress), but 
saturated with (d) CO2, (e) wet N2, (f) distilled water, and (g) AMP solution. The loading 
direction is vertical. Letters indicate the following, F: (corroded) feldspar grains, fi: grain 
with fluid inclusions, i: intergranular crack, b: grain boundary breakage, t: transgranular 
crack, dz: damage zone with intense grain fracturing. 

of 180-250 μm. The quartz grains contained fluid inclusions and occasionally 
pre-existing cracks, presumably resulting from its burial and diagenetic history 
(Figure 5.8a). No bedding, laminations or grain sorting were visible.  

One sample was loaded to 100 MPa and then directly unloaded (loadunload – 
see Table 5.1). Throughout this sample, more cracks were observed than in the 
undeformed sample (cf. Figures 5.8a and b), however, cracks were not as 
abundant as seen in the samples that were also allowed to creep at constant 
stress (see Figures 5.8c-g). Most cracks emanated from grain-to-grain contacts, 
both within grains (intragranular cracks, Figures 5.8a-f), across grains 
(transgranular cracks, Figures 5.8d-g), and along grain boundaries producing 
grain boundary breakage (Figures 5.8c and f). Generally, cracks were oriented 
parallel or subparallel to the loading direction and not specifically related to the 
grain composition (quartz vs. feldspar). Though cracks were observed 
throughout the entire cross section of each sample, clusters of more severely 
damaged grains were also observed in samples AlCl301, AMP02, DI01, DI02 
and wN201. These damage zones were a few grains wide and typically 
contained a large proportion of crushed grains, in addition to cracked grains 
(Figures 5.8e and f). These clusters of crushed grains formed circular patches 
and did not extend laterally to form bands.  

5.4 Discussion 

In this study, (near) uniaxial compaction creep experiments were performed on 
quartz-cemented Bentheim sandstone under different chemical (pore fluid) 
conditions at 80°C. To approach zero lateral strain boundary conditions, the 
samples were jacketed in a thin, heat-shrink FEP-jacket and tightly fitted into 
the bore of a 1-D (oedometer) compaction vessel. Axial load was then applied 
using a linear ramp to achieve effective stresses of 35, 75 and 100 MPa for creep 
testing. During active loading, no systematic effect of chemical environment on 
compaction behaviour or sample stiffness was observed, with the constrained 
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axial compression modulus varying in the range of 5.9-10.2 GPa. Initial sample 
porosity did appear to play a role with more porous samples exhibiting less stiff 
behaviour during active loading. During the creep phase of our experiments, 
samples with a porosity of 22.2-22.5% showed that compaction creep strain, AE 
count, strain rate and AE rate all increased with increasing applied effective 
stress. Sample porosity influenced the creep behaviour too, with more strain 
being achieved in more porous samples. In addition, wetting of the sample with 
distilled water promoted creep compared to vacuum-dry conditions. However, 
saturation with dry and wet supercritical N2 and CO2 inhibited creep even more 
than a vacuum-dry environment. While the introduction of distilled water 
enhanced compaction and creep, saturation with an acidic fluid inhibited 
compaction and lowered creep strain rates, though not as much as observed 
under vacuum-dry conditions. In this section, possible deformation 
mechanisms are discussed, followed by an interpretation of the observed effects 
of applied stress, porosity and pore fluid chemistry in light of the inferred 
mechanism. In addition, the sample boundary conditions and stress state are 
evaluated. Lastly, implications for fluid injection into porous subsurface 
reservoirs are discussed. 

 Deformation mechanisms responsible for compaction creep 5.4.1
During the creep phase of our experiments, we observed that creep was 
enhanced by increasing applied stress and by saturating the sample with 
distilled water or aqueous solutions. Together with a) the AE activity observed 
during creep (Figures 5.4, 5.6 and 5.7), b) the linear relation observed between 
AE rate and strain rate, which was characterised by a slope of 1 (Figure 5.5b), 
and b) microstructural analysis, which showed an abundance of new cracks in 
the quartz grains post-creep deformation, it is inferred that compaction creep 
was accommodated by microcracking in quartz grains and breakage of 
cemented grain contacts with serial rearrangement of grains and grain 
fragments. Alternative deformation mechanisms include mass transfer 
processes such as dissolution of grains or of microscale asperities within grain 
contacts, or else pressure solution at grain contacts (Dewers and Hajash, 1995; 
Gratier et al., 2009; Niemeijer et al., 2002). However, given the short duration of 
our experiments (less than 4 days), the relatively low temperature of the tests, 
the slow kinetics of these processes (Gratier et al., 2009), plus the lack of 
dissolution features in our deformed samples, we believe that any contribution 
of dissolution-precipitation mechanisms to deformation was likely negligible.  

The cracks radiating from grain contacts in the quartz grains (Figure 5.8) are 
typically referred to as Hertzian contact fractures (Brzesowsky et al., 2014a; 
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Menéndez et al., 1996; Zhang et al., 1990). These fracture develop at the edge of 
grain-to-grain contacts, where tensile stresses are largest (Hertzian contact 
theory; Hertz, 1882; see also Wong and Wu, 1995). When a sample containing 
pre-existing flaws or cracks at grain surfaces is loaded, these cracks will 
propagate either in equilibrium Griffith mode or in a sub-critical time-
dependent manner (Lawn, 1975; Rice, 1978). Equilibrium crack growth (Griffith 
criterion) occurs if the strain energy release rate � can provide the energy 
needed to form fracture surfaces, i.e. when � = �� = 2 , where   is the 
(effective) surface energy per unit area [J m-2] and �� is the critical value of �, 
the fracture energy. Equivalently, the stress field around the crack tip can be 
described through the stress intensity factor !" , while the material’s resistance 
to crack propagation is given by the fracture toughness !"*  (Irwin, 1958), so that 
crack growth occurs when !" = !"* . For a small, mode I (opening mode) crack,  
!" = #�$%&'( )⁄ , where # is a dimensionless factor equal to 1.12 for an edge 
crack, �$ is the remotely applied stress [MPa] and  is the half-length of the flaw 
or crack [μm] (Atkinson, 1984; Lawn, 1993; Zhang et al., 1990). In line with the 
fact that !"*  is related to the energy release rate according to �� = !"*

) %1 − I)' +⁄  
(Atkinson, 1984), equilibrium crack growth occurs !" = !"* = %2+ &⁄ '( )⁄  
(Griffith, 1920; Orowan, 1944).  

In a chemically active environment, cracks can grow subcritically (i.e. with 
!" < !"*  or � < ��) via the process of stress corrosion (Atkinson and Meredith, 
1981; Dunning et al., 1994; Fisk and Michalske, 1985; Michalske and Bunker, 
1984). The strained crack tips are more reactive due the large stress 
concentrations (Colombi Ciacchi et al., 2008; Lindsay et al., 1994; Michalske and 
Bunker, 1984; Michalske and Freiman, 1982; Silva et al., 2006; Zhang et al., 
2014). Corrosive species may, therefore, adsorb at the strained crack tip, 
reducing the energy required to create new fracture surface area (Lawn, 1993; 
Parks, 1984). In quartz, adsorption of or attack by corrosive species, such as 
water or hydroxyl groups, at the crack tip, cause the Si-O bond to be 
hydrolysed, creating silanol surface groups (SiOH). These reactions can be 
expressed as  

> Si − O − Si < �H)O = 2 > SiOH , for water adsorption (5.2) 
and 

> Si − O − Si < �OH2 = > SiOH�> SiO2, for hydroxyl adsorption (5.3) 

where < or > indicate surface-bound species (Charles, 1958; Dove, 1995; Xiao 
and Lasaga, 1996, 1994). The newly formed surface groups are weakly bonded 
by hydrogen bonds, which require less energy to break, facilitating crack 
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propagation. At stress levels below those required for critical crack growth 
(!" < !"*  or � < ��), the rate of crack growth depends on either the rate of 
transport of corrosive species to the crack tip or the kinetics of the bond 
hydrolysis reaction (Atkinson, 1984). 

Subcritical crack growth velocities in quartz and glass are known to be 
accelerated by increasing temperature (Atkinson, 1984; Wiederhorn et al., 1980; 
Wiederhorn and Bolz, 1970), humidity or water content (Atkinson, 1979; 
Michalske and Freiman, 1983; Scholz, 1972; Wiederhorn, 1967; Wiederhorn et 
al., 1982) and solution pH (Atkinson and Meredith, 1981; Dove, 1995; Dunning 
et al., 1984; Wiederhorn and Johnson, 1973). Though it is challenging to measure 
crack growth velocities in sandstone samples (Atkinson, 1984; Swanson, 1984), 
similar effects of humidity and water have been observed (Holder et al., 2001; 
Nara et al., 2011; Rijken, 2005). Moreover, the influence of stress, temperature, 
water content and solution pH on compaction creep have been investigated for 
quartz sand aggregates (Chapter 4; Brzesowsky et al., 2014a; Chester et al., 2007; 
Hangx et al., 2010a; Schimmel et al., 2019a) and to a limited extent sandstones 
(Baud and Meredith, 1997; Heap et al., 2009a; Le Guen et al., 2007), and show 
that compaction creep rates increase when these variables increase. These 
trends are in line with our observations (Figures 5.4 to 5.6), further supporting 
our inference that microcracking is the key mechanism controlling creep in our 
experiments.  

5.4.1.1 The influence of applied stress and porosity on compaction creep 

The experiments performed on dry Bentheim samples and samples saturated 
with distilled water indicated that creep strain, AE count, creep rates and AE 
rates strongly increase with increasing applied stress. Creep and AE rates were 
approximately one order of magnitude faster at 100 MPa applied stress than at 
75 MPa (Figures 5.4c and d). At higher applied stresses, the stresses acting 
across grain-to-grain contacts are larger, in turn enhancing the stresses acting at 
crack tips, thereby promoting (subcritical) crack growth and compaction creep. 

Our results also suggested that sample porosity exerted some influence on 
compaction creep behaviour. In samples saturated with dry supercritical CO2, 
the sample with 0.7% higher porosity (21.8 vs. 22.5% porosity) showed creep 
strain rates and AE rates approximately half an order of magnitude faster than 
the lower porosity sample (Figures 5.6c and d). Similarly, in samples with AMP 
solution as pore fluid, the sample with a higher porosity by 0.9% (22.4 vs. 23.3% 
porosity) creep strain rates were approximately one order of magnitude faster 
in the higher porosity sample (Figure 5.7c). Most likely small differences in 
contact area or contact structure/cementation can explain the effect of porosity 
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on creep rates, as these would lead to differences in stress intensity at crack tips, 
as well as the stress distribution around the crack tip, hence affecting crack 
propagation. However, we did not systematically investigate the effect of 
porosity on creep behaviour, so cannot infer more at present.  

5.4.1.2 The influence of supercritical fluids on compaction creep 

Saturation with supercritical fluids inhibited compaction creep compared to 
low-vacuum (dry) conditions (Figure 5.6). The influence of supercritical fluids 
on compaction creep at 100 MPa effective stress is explicitly shown in Figure 
5.9, where strain at fixed moments in time and strain rates at fixed strain are 
plotted as a function of water concentration. Figures 5.9a and c show that even 
when the water concentration in the supercritical fluids increases, creep strain 
and strain rates do not, compared with low-vacuum (dry) conditions. At the 
same time, pore saturation with distilled water (DI) did lead to higher creep 
strains and higher strain rates.  

In the case of low-vacuum dry conditions, the sample, and therefore the crack 
tip, is not actively dried (i.e. no drying agent is added) and any water remaining 
in the system, e.g. water adsorbed on clay mineral surfaces present in the 
sandstone or on the detrital grain surfaces, could provide water that adsorbs 
onto crack tips, facilitating subcritical crack growth. Upon the introduction of 
dry supercritical N2 and CO2, it is likely that crack tips are dried, as free and 
even adsorbed water is being taken up by the supercritical phases (Sun et al., 
2015; Sun and Dubessy, 2010). Considering the purity of the dry N2 and CO2 
(see Section 5.2.1), these phases would contain 0.3 and 8.2 mol water/m3 and 
may potentially dissolve up to 19.4 and 66.7 mol water/m3 at 80 °C and 10 MPa 
pore pressure, respectively. In turn, drying of the crack tips may prevent crack 
tip corrosion and inhibit compaction creep (see also Chapter 4 and Schimmel et 
al. (2019a) for creep experiments on pure quartz sand under the same 
conditions).  

In the case of water-saturated supercritical phases, our experiments showed 
that these also inhibited compaction creep compared to low-vacuum (dry) 
conditions. This is contrary to the results reported by Schimmel et al. (2019a) 
(Chapter 4) who found that creep strain rates in quartz sand increased with 
increasing water content in the tested supercritical phases (N2, CO2 and wet 
CO2). In the current experiments, the supercritical phases were prepared at 60 
°C to avoid water condensation upon introduction to the sample at 80 °C. This 
temperature difference leaves some room for water dissolution in the 
supercritical phase, i.e. 10.3 and 32.9 mol water/m3 in case of the wet N2 and wet 
CO2, respectively (see Chapter 4; Lemmon et al., 2018; Schimmel et al., 2019a; 
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Sun et al., 2015; Sun and Dubessy, 2010). Therefore, it is likely the water-
saturated N2 and CO2 phases at 60 °C still had some drying potential at 80 °C 
and inhibited crack growth and sandstone compaction creep in the wet 
supercritical phases compared to low-vacuum (dry) conditions.  

 
Figure 5.9 (a and b) Strain at fixed moments in time, i.e. after 1, 5, 10, 20 and 40 hrs of 
compaction creep, as a function of log water concentration and pH. (c and d) Strain rate 
at fixed strains as a function of log water concentration and pH. Strain is shown for 
intervals of 0.02% between 0.06% and 0.20% strain, as well as 0.30 and 0.40% strain. Solid 
symbols represent samples within porosity range of 22.2-22.5% and are connected by tie 
lines, open symbols are samples falling outside this range. T denotes temperature and 
σeff effective stress. Letters indicate the following, dry: low-vacuum (dry) conditions, N2: 
saturated with N2, CO2: saturated with CO2, wN2: saturated with wet N2, wCO2: 
saturated with wet CO2, DI: saturated with distilled water, AMP: saturated with AMP 
solution, AlCl3: saturated with AlCl3 solution, HCl: saturated with 3.7 HCl solution. 
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5.4.1.3 The influence of aqueous solutions on compaction creep 

Compaction creep, AE count, creep strain rates and AE rates in the Bentheim 
sandstone samples were all greatly enhanced in the presence of distilled water 
compared to low-vacuum (dry) conditions (Figure 5.4), as expected if subcritical 
crack growth dominates deformation (Atkinson, 1979; Michalske and Freiman, 
1983; Scholz, 1972; Wiederhorn, 1967; Wiederhorn et al., 1982). The strong 
water-weakening effect was also demonstrated by the zones of intense 
deformation (Figures 5.8e and f) that were observed in all samples saturated 
with distilled water or aqueous solution (except for sample HCl301). 
Interestingly, such a zone was also observed in the sample saturated with wet 
N2, which was eventually wetted with distilled water (Figure 5.8e). We infer 
that the damage zone observed in sample wN201 was caused by the ingress of 
water, as none of the other supercritical phases displayed these microstructural 
features.  

Unlike distilled water, flooding with acidic aqueous solution (HCl, AMP and 
AlCl3 solution) inhibited compaction creep and creep strain rates (Figure 5.7). 
The influence of aqueous solutions on Bentheim sandstone compaction is 
illustrated in Figure 5.9, where strain at fixed moments in time and strain rates 
at fixed strains is plotted as a function of solution pH. From these graphs, it is 
clear that for similar porosity samples, creep strain and strain rates tended to be 
lower for the acidic solutions than for distilled water.  

For glass and quartz, it is typically inferred that microcracking is inhibited in 
acidic solutions due to the (near) neutral surface charge at low pH (Atkinson 
and Meredith, 1981; Dove, 1995; Dunning et al., 1984; Wiederhorn and Johnson, 
1973). In solution, adsorption causes the quartz surface to be covered by 
positively (SiOH2+) and negatively (SiO-) charged surface complexes. 
Depending on solution pH, positive groups or negative groups dominate or 
they are balanced, resulting in a positively, negatively or neutrally charged 
surface, respectively (Dove and Elston, 1992; Du et al., 1994; Parks, 1984). For 
quartz, the pH of zero surface charge (pHPZC) is approximately 2-3 at room 
temperature (Kosmulski, 2018; Parks, 1965), and is expected to be relatively 
temperature insensitive (Sverjensky and Sahai, 1998). The neutrally charged 
quartz surface does not actively attract corrosive species and stress corrosion 
microcracking is, therefore, not promoted. At solution pH > pHPZC, the quartz 
surface becomes increasingly more populated by negative surface complexes 
(SiO-) and a negative surface charge develops, promoting the attraction of 
corrosive species such as water and hydroxyl molecules. Their interaction with 
crack tips (see Section 5.4.2) will weaken the Si-O bonds of the quartz and, 
hence, promote stress corrosion microcracking. This rate-controlling effect of 
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pH on crack velocities is observed in glass and quartz (Atkinson and Meredith, 
1981; Dove, 1995; Dunning et al., 1984; Wiederhorn and Johnson, 1973) and in 
compaction creep tests on quartz sand aggregates (Chapter 4; Schimmel et al., 
2019a). However, for sandstone, a composite of quartz grains and other 
minerals, this influence of solution pH on crack propagation may be more 
complex, as each mineral has its own pHPZC, i.e. for feldspar pHPZC = 5-7 
(Sverjensky, 1994), and for clay minerals such as kaolinite pHPZC = 5.6-6.6, while 
for illite and montmorillonite pHPZC = 9-10 (Hao et al., 2018). 

Measurements of the average pHPZC of Bentheim sandstone have suggested that 
the pHPZC lies in the range 3 (Farooq et al., 2011) to 8 (Peksa et al., 2017, 2015). 
For the lower value, it is suggested that the abundant presence of quartz 
controls the pHPZC of the sandstone. For the high value, the measured pHPZC is 
most likely dominated by the presence of thin iron oxide grain coatings (Peksa 
et al., 2017), which are typically characterised by higher a pHPZC of 5-9 
(Kosmulski, 2018; Parks, 1965; Schwertmann and Fechter, 1982). Given the low 
amount and isolated occurrence of feldspar present in the sample material, it is 
unlikely that feldspar played a significant role in controlling the amount of 
deformation of our Bentheim samples, as also demonstrated by the widespread 
microcracking in quartz grains and across quartz grain contacts (Figure 5.8). 
Therefore, we infer that it is the local pHPZC of quartz that controls fluid-crack-
tip-interactions rather than the macroscopic pHPZC for Bentheim sandstone as a 
whole. The inhibiting effect of the acidic solutions on compaction creep may 
therefore reflect a reduced interaction between corrosive species and crack tips 
caused by near neutral surface charge.  

Superimposed on the direct effect of solution pH, is the effect of the chemical 
species in solution. While it has been demonstrated that AMP and AlCl3 
solutions inhibited creep in quartz grains, they did not do so as effectively as a 
simple HCl solution of similar pH (Chapter 4; Schimmel et al., 2019a). In case of 
the AMP solution, it has been inferred that due to incomplete dissociation of the 
AMP molecule (which consists of six hydroxyl groups, Tantayakom et al. 
(2005), some hydroxyl groups are left to attack the strained crack tips. By 
contrast, for quartz grains  in contact with acidic AlCl3 solution, Al3+ adsorption 
onto the quartz surface is believed to create a disordered surface-solvent 
structure, thereby allowing easier access of corrosive species to the crack tip (Du 
et al., 1994). Unfortunately we were not able to assess the effect on creep 
behaviour of HCl compared to AMP and AlCl3 due to small porosity variations 
between the samples. However, it is not unlikely that the same trend observed 
for creep in sand (Chapter 4; Schimmel et al., 2019a) also apply to sandstone, as 
deformation of the former is also controlled by subcritical crack growth. 
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 Sample boundary conditions and stress state evolution 5.4.2

Control experiments were performed on unjacketed and FEP-jacketed 
aluminium and sandstone sample to investigate if the FEP-sleeve approach 
would effectively constrain tight-fitting samples to (near) zero radial strain. 
Regarding the aluminium samples, the measurement of the unconstrained 
stiffness (70 GPa) corresponds well with the expected value of + (69±1 GPa – see 
Section 5.2.3.1), while the measurement of the constrained stiffness (144 GPa) 
overestimates the expected value of � (105±4 GPa – see Section 5.2.3.1) by 37%. 
On this basis, we infer that the FEP-sleeve successfully constrained the tightly 
fitting aluminium sample to zero lateral strain at axial stresses above 
approximately 30 MPa.  

In case of the Bentheim sandstone samples of similar porosity (22.3%) and 
loaded under low-vacuum (dry) conditions, the characteristic stiffness of the 
unconstrained sample was 7.0 ± 0.0 GPa, while the two constrained samples 
had higher stiffness values of 10.1 ± 0.0 GPa (loadunload) and 7.9 ± 0.1 GPa 
(dry02 – see Table 5.1). Various values for the unconstrained Young’s modulus 
are described in the literature, ranging from 8.9 to 14.7 GPa (Heap et al., 2010; 
Ma and Haimson, 2016; Peksa et al., 2015). Our measured value of the 
unconstrained sample stiffness is slightly below this range. The constrained 
modulus, calculated using equation (5.1) and assuming + is 8.9-14.7 GPa and I 
is 0.13-0.36 (Heap et al., 2010; Ma and Haimson, 2016; Peksa et al., 2015), is 
expected to lie in the range 9.3-17.6 GPa. Our measured values of � fall below 
and within this range. Interestingly, the unconstrained sample failed around 62 
MPa applied stress, while none of the constrained samples did. The unconfined 
compressive strength (UCS) of Bentheim sandstone reported in the literature is 
lower than our measured UCS and varies between 30 and 40 MPa (Heap et al., 
2010; Ma and Haimson, 2016; Peksa et al., 2015). The discrepancies between our 
measured data and the literature values could be caused by the aspect 
length:diameter ratio of our samples, which is 1:2, as opposed to the more 
conventional 2:1 (Mogi, 2007). This could have led to stress concentrations and 
clamping at the end of the sample, leading to higher failure stresses and lower 
sample stiffness. Considering both the difference in measured characteristic 
stiffness between unconstrained and constrained samples and the failure of the 
unconstrained sample, suggests that the FEP-sleeve approach effectively 
constrained the sandstone samples to zero lateral strain conditions at axial 
stresses above approximately 30 MPa. 
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Figure 5.10 Yield envelope of Bentheim sandstone with the solid line representing the 
shear failure envelope outlined by peak stress and the dashed line the shear-enhanced 
compaction endcap, as outlined by C* (plotted after Klein et al. (2001)). Superimposed 
onto this yield envelope are the stress conditions relevant for our sandstone creep 
experiments, assuming laterally confined conditions with zero radial strain and zero 
initial radial stress and taking Poisson’s ratio ν = 0.13-0.36. Solid markers indicate the 
effective stresses of 35, 75 and 100 MPa employed in the experiments. A typical stress 
path for a conventional triaxial experiment with a confining pressure (fixed radial stress) 
of 30 MPa is added for reference (dotted line). 

Assuming our samples were laterally constrained, application of an axial stress 
(�() to the sample led to the development of lateral or horizontal stresses 
(�) = �L). Assuming pure poro-elastic behaviour at constant pore fluid 
pressure, and assuming zero lateral strain conditions, the lateral stresses can be 
predicted according to (Wang, 2000) 

�L = �(

M1
G − 1N

 (5.4) 

With the Poisson’s ratio of Bentheim sandstone ranging from 0.13 to 0.36 (Heap 
et al., 2010; Ma and Haimson, 2016; Peksa et al., 2015), �L is predicted to be 12 ± 
7, 27 ± 15 and 36 ± 21 MPa for an applied effective stress of 35, 75 and 100 MPa, 
respectively. When plotted in conventional differential stress (�( − �L) versus 
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mean stress (%�( � 2�L' 3⁄ ) space, together with the failure envelope of 
Bentheim sandstone (Klein et al., 2001), it can be seen that for all 
experiments the stress conditions were well below the failure condition 
(Figure 5.10). 

 Implications 5.4.3

The uniaxial compaction experiments presented in this study have provided 
evidence that uniaxial compaction creep in Bentheim sandstone is caused by 
breakage of grains and grain contacts and is strongly influenced by applied 
axial effective stress, porosity and pore fluid chemistry. In environments that 
promote dehydration of the crack tip (e.g. through the injection of dry 
supercritical fluids) or inhibit interactions between water and the crack tip (e.g. 
through the injection of an acidic solution), creep of sandstone is shown to be 
significantly reduced. We envisage that the life-time of a grain is controlled by 
the rate at which cracks grow, so that injection of supercritical or acidic fluids 
increases the time-to-failure of the material and therefore slows creep.  

The results presented in this study may have several implications regarding 
fluid injection into porous subsurface reservoirs at 2-4 km depth, where 
microcracking is likely to contribute to reservoir deformation, specifically when 
stress conditions are perturbed to provide a drive for compaction creep. Firstly, 
our results suggest that fluid injection into depleted, quartz-rich hydrocarbon 
reservoirs where the vertical effective stress has been increased by production, 
may be a suitable mitigation strategy for reducing long-term reservoir 
compaction. Injection of pressurised fluids will lower the effective stress acting 
on the reservoir rock, thereby reducing the driving force for reservoir 
compaction. In addition to this mechanical effect, a chemical effect is expected 
as well. For example, injection of supercritical phases that are devoid of water 
or contain trace water will tend to desiccate crack tips when the original water 
content is low, thereby reducing reservoir compaction creep rates by subcritical 
crack growth. In addition, injection of acidic fluids is likely to decelerate 
compaction creep rates, as the concomitant change quartz surface energy will 
reduce subcritical crack growth rates. However, more research is needed to 
investigate the effect of (acidic) fluids on the compaction of impure sandstones 
having a larger feldspar, carbonate and clay content. Depending on the load-
bearing framework, dissolution of carbonate cements on the short-term and 
feldspar grains on the long-term, by acidification of the pore fluid, may weaken 
the reservoir rock (Hangx et al., 2013; Le Guen et al., 2007; Rohmer et al., 2016). 
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Secondly, porous subsurface reservoirs, such as depleted hydrocarbon 
reservoirs, are envisioned as potential systems for permanently storing CO2 
(IPCC, 2005) and for temporary storage of renewably derived energy in the 
form of synthetic fuels, compressed air and hydrogen (Mahlia et al., 2014). In 
the corresponding injection operations, it is important to avoid or minimise 
long-term reservoir compaction and creep effects, as these may cause induced 
seismicity and surface subsidence (Doornhof et al., 2006; Nagel, 2001; Suckale, 
2009). For efficiency reasons, most fuels injected will be devoid of water or 
contain trace amounts of water. Our experiments employing dry and wet 
supercritical phases may be regarded as representative of these injection 
scenarios and would suggest that, in case of injection into quartz-rich 
reservoirs, reservoir compaction would be not be enhanced, or perhaps even 
inhibited, by the injection of fluids and concomitant further (local) drying of the 
reservoir. Furthermore, the injection of CO2 has the added advantage of 
contributing to reducing anthropogenic CO2 emissions (IPCC, 2005). 

Thirdly, geothermal energy production for renewable heat and electricity 
production also requires the injection of cold fluids that are in chemical 
disequilibrium with the receiving reservoir rock. These fluids would typically 
contain anti-scaling additives, such as AMP, or be acidic in nature (Finster et al., 
2015; Knepper, 2003), enhancing any disequilibrium effects. During geothermal 
energy production, the injected and produced fluid volumes are balanced to 
maintain an approximately constant pore pressure in the reservoir. However, as 
the injected fluid will be relatively cold, the reservoir rock will be cooled, 
resulting in contraction of the reservoir rock and a decrease in the lateral 
stresses. Consequently, the differential stress acting on the reservoir rock will 
increase, which could provide a driving force for stress corrosion cracking. In 
addition, the tendency for stress corrosion cracking may be triggered by the 
change in chemical environment. Our experiments employing acidic solutions, 
including AMP, suggest that the rate of stress corrosion cracking would 
decrease, thereby inhibiting compaction creep, compared to injection with pure 
water. However, as described above, our research focused on the compaction 
behaviour of relatively clean sandstone, i.e. 95% quartz, and more research is 
needed to assess the effect of (acidic) fluids on sandstones with a higher 
feldspar, carbonate or clay content. Acidification of the pore fluid may lead to 
weakening in impure sandstones through reaction of feldspars and clays 
(Hangx et al., 2013; Le Guen et al., 2007; Rohmer et al., 2016), which could affect 
transport properties and, thereby, impact the performance of the geothermal 
reservoir.  
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Lastly, concerning the injection of fluids for energy storage, we only looked at 
the scenario of a fixed applied, or overburden stress. However, in an energy 
storage project, most likely pore pressure will fluctuate during production, 
decreasing when energy is produced and increasing when energy is stored. 
This would mean that such energy storage systems will go through many 
stress-cycles throughout their lifetime. In our current study, we did not 
investigate the effect of stress-cycling on creep or hysteresis. However, our 
stiffness data collected during active pre-creep loading may be representative of 
injection during the first stress-cycle. Sample stiffness displayed a small 
dependency on water concentration and no effect of fluid pH was observed, 
while sample porosity did influence sample stiffness. This implies that during 
the first phases of fluid injection and extraction, the porosity of the reservoir 
rock rather than pore fluid chemistry is likely to control reservoir compaction. 
After the first stress-cycle, additional permanent deformation is unlikely to 
develop, as, depending on the rate of the stress-cycle, only a small number of 
new cracks will form as long as the effective stress does not exceed the 
maximum previously achieved stress. With prolonged injection and extraction-
cycling, time-dependent chemical processes such as dissolution and subcritical 
crack growth are likely to have a stronger contribution to reservoir compaction 
and pore fluid chemistry will have a more pronounced influence on compaction 
rates. 

5.5 Conclusions 

Uniaxial compaction experiments were performed using samples of Bentheim 
sandstone saturated with supercritical fluids and aqueous solutions of varying 
pH and composition to investigate the effects of pore fluid chemistry on (near) 
1-D compaction of reservoir sandstones. Samples were constrained to near 1-D 
compaction by means of tight fitting in an oedometer apparatus. The tests were 
conducted at 80 °C and effective axial stresses of 35, 75 and 100 MPa, hence 
realistic in situ reservoir conditions. The tested pore fluid environments 
included supercritical N2, CO2, wet N2 and wet CO2 at 10 MPa pore pressure, 
distilled water, pH 3.7 HCl solution, AMP-solution and AlCl3-solution at 
atmospheric pressure, as well as, low-vacuum (dry) conditions. Through 
measurements of displacement and AE activity, and microstructural analysis 
the following observations and inferences were made: 

1. During loading, the stiffness of Bentheim sandstone samples was 
independent of water content in the pore fluid and solution pH. On the 
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other hand, sample porosity appeared to exert an influence, as more 
porous samples were more compliant. 

2. During the creep phase, compaction creep strain, AE count, creep strain 
rates and AE rates measured in low-vacuum (dry) and water-saturated 
(distilled water) samples increased with increasing applied stress. In 
addition, a clear effect of pore fluid chemistry was observed. Creep rate 
and AE rate increased moving from dry and wet supercritical N2 and 
CO2 phases, to low-vacuum (dry) conditions, to acidic aqueous 
solutions, to distilled water. Samples saturated with the same pore fluid 
but with different porosity had quantitatively different compaction 
behaviour. More porous samples produced more strain and AEs, which 
was accompanied by higher strain rates and AE rates. 

3. It was inferred that compaction creep in Bentheim sandstone was 
controlled by subcritical crack growth by stress corrosion cracking, 
which is rate-dependent on the intergranular stresses and pore fluid 
chemistry. In turn, the rate of subcritical crack growth controls the rate 
of grain failure and, hence, compaction creep. Increasing the applied 
stress leads to larger stress concentrations at crack tips. In addition, in 
the more porous samples, grain-to-grain contacts were likely smaller or 
possessed a different structure or lower degree of cementation, such 
that the intergranular stresses were larger, promoting crack growth. 
Whereas saturation with the supercritical N2 and CO2 phases was 
inferred to actively dry crack tips and inhibit crack growth, saturation 
with distilled water fully wetted the crack tips, reducing the energy 
required for Si-O bond breakage and facilitating subcritical crack 
growth. In the case of saturation of acidic fluids, pH-dependent fluid-
rock interactions were inferred to lower the rate of stress corrosion 
cracking.  

4. Regarding fluid injection into quartz-rich, subsurface reservoirs 
characterised by ongoing reservoir compaction, the results imply that 
fluids devoid of water or with a minor amount of water, e.g. 
supercritical phases, may be injected to mitigate reservoir compaction. 
Injection of acidic fluids is also likely to inhibit reservoir compaction. 
However, this study focused on the compaction behaviour of relatively 
clean sandstone, i.e. 95% quartz, and more research is needed to assess 
the effect of fluids on sandstones with a higher feldspar, carbonate or 
clay content.  
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  Chapter 6

Outlining a potential workflow for a subsurface fluid 

injection operation with a focus on integrating rock 

deformation experiments and risk assessment 
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Abstract 

Natural gas, having a low carbon intensity, is commonly assumed to play an 
important role during the energy transition. However, the prolonged 
production of natural gas may lead to induced seismicity and surface 
subsidence, which are related to production-induced compaction of the 
reservoir rock. In small reservoirs, where injection volumes are feasible, 
reservoir compaction can potentially be mitigated by injecting (pressurised) 
fluids that restore the pore pressure and/or chemically inhibit permanent 
deformation of the reservoir. However, fluid injection itself may lead to an 
increase in the risk of subsidence or seismicity or other environmental or 
geological hazards, due to changing reservoir pressure and fluid chemistry, 
which would need to be investigated beforehand. In this chapter, I explore and 
outline the general risk management workflow that would typically be applied 
prior to and during a subsurface fluid injection operation, thereby specifically 
highlighting at what stage(s) rock deformation experiments can aid the risk 
assessment process. During a subsurface fluid injection project, multiple risk 
assessments should be conducted. Input for the assessments is derived from 
various stakeholders, including the site operator, researchers from key 
disciplines, such as rock mechanics and risk modelling, regulators, service 
companies, non-governmental organisations (NGO’s), and the local site 
community. As the project progresses through the different phases (i.e. site 
screening, selection, characterisation, development, operation, closure and post-
closure), more site-specific information becomes available through research and 
data collection, such that risks can be assessed at an increasing level of detail. 
Deformation experiments may be conducted to investigate hazard causes, such 
as well failure, caprock failure, reservoir deformation and fault reactivation, 
though these lab-based results need to be incorporated in a geomechanical 
model to be able to quantify risks at the reservoir-scale and timescales relevant 
to injection and subsequent storage, which was outside of the scope of the 
experimental study reported in this thesis. 
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6.1 Introduction 

Natural gas, a low-carbon alternative to coal and oil, is envisioned to play an 
important interim-role during the decarbonisation of the energy system, 
specifically when combined with Carbon Capture and Storage (CCS; Clarke et 
al., 2014; Rogelj et al., 2018) or utilisation (CCU) (Jiang et al., 2010). However, 
the prolonged production of natural gas from subsurface reservoirs can result 
in induced seismicity and surface subsidence (Doornhof et al., 2006; Nagel, 
2001), as observed above many sand and sandstone reservoirs worldwide 
(Dahm et al., 2007; Menin et al., 2008; Ostermeier, 1995; Suckale, 2010; Van 
Thienen-Visser and Breunese, 2015). These phenomena are likely related to 
deformation at the reservoir level, where the pore pressure reduction due to 
production increases the effective stress acting on the reservoir rock (Doornhof 
et al., 2006; Nagel, 2001; Suckale, 2010). This in turn drives elastic and inelastic 
grain-scale compaction mechanisms, producing elastic (recoverable), as well as 
permanent compaction of the reservoir (Pijnenburg et al., 2019, 2018).  

The occurrence of induced seismicity and surface subsidence in gas producing 
areas may potentially limit the role natural gas can play during the energy 
transition, as these phenomena could lead to damage to buildings and the 
environment, and to social unrest (Kester, 2017; Perlaviciute et al., 2017; Van 
Der Voort and Vanclay, 2015). For natural gas to continue to play a role in the 
energy transition with minimal impact, it is worth investigating whether there 
are options to mitigate reservoir compaction. In small reservoirs, where 
injection volumes are feasible, a commonly applied strategy to reduce the 
driving force for reservoir compaction is to repressurise the reservoir by 
injection of a high-pressure fluid, like (waste)water (Colazas and Strehle, 1995; 
Doornhof et al., 2006). In addition, fluid injection could be used to regulate the 
chemical environment of small volume reservoirs, thereby inhibiting fluid-
assisted inelastic compaction mechanisms (Atkinson and Meredith, 1981; Dove, 
1995; Gratier and Guiguet, 1986). Furthermore, subsurface sand and sandstone 
reservoirs are becoming increasingly targeted for fluid injection for temporary 
storage of renewably produced energy carriers, such as synthetic and hydrogen 
fuel, and compressed air (Budt et al., 2016; Graves et al., 2011; Mahlia et al., 
2014; Tarkowski, 2019), as well as for temporary and long-term CO2 storage 
(IPCC, 2005), and geothermal energy production (Limberger et al., 2018; 
Shortall et al., 2015). However, it is important that a fluid injection operation 
avoids any increase in the risk of subsidence, seismicity or other environmental 
or geological hazards, in response to changing reservoir pressure and fluid 
chemistry. The experimental work reported in this thesis has indicated that for 
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pure quartz sand aggregates and quartz-cemented sandstone, compaction can 
be inhibited in environments devoid of water, such as created by the injection of 
supercritical  N2 or CO2 (e.g. similar to storage of synthetic fuel, hydrogen and 
compressed air, or long-term storage of CO2), and in acidic environments (e.g. 
similar to the injection of fluids used for geothermal energy production or the 
injection of CO2) (see Chapters 3 to 5; Schimmel et al., 2019a).  

In addition to the potentially positive effects changing pore pressure and/or 
pore fluid chemistry can have on reservoir behaviour, fluid injection may 
potentially lead to new or increased risks for the subsurface geology, surface 
environment and people above ground (Chapter 2; Schimmel et al., 2019b). 
Therefore, the potential success of fluid injection as a mitigation strategy, or for 
energy production and storage purposes, the overall risk of a fluid injection 
operation needs to be identified and quantified. Risk is typically defined as the 
product of the consequence(s) of an event (hazard) and the probability of 
occurring, and such requires information on the hazard causes, pathways for 
hazard spreading and potential consequences (Gormley et al., 2011). Though 
the general hazards of fluid injection are well-identified, risks are site specific 
and need to be investigated for each intended injection site. In addition, as the 
risks may affect the geosphere, hydrosphere, biosphere and/or atmosphere, 
experts from all of these disciplines are needed to assess the risks associated 
with fluid injection. Furthermore, many different stakeholders, such as the 
government and local public, will have an influence on the project. Assessment 
of these combined interests calls for a structured approach, as has already been 
demonstrated by the many assessments available online for potential and 
current CO2 storage sites (Bourne et al., 2014; Bowden et al., 2013a, 2013b; Dean 
and Tucker, 2017; Duguid et al., 2019; Onishi et al., 2019; Ringrose et al., 2013; 
Underschultz et al., 2011; Würdemann et al., 2010). However, a clear workflow 
for this structured approach applied to a subsurface fluid injection, with the 
role of the different stakeholders explicitly described, is lacking. In addition, 
there is a need to better align lab experiments with risk assessments, such that 
scientific results can be directly applied to improve the risk assessment. 

In this chapter, the workflow describing the different phases of a subsurface 
fluid operation is outlined. First, the theoretical framework for risk 
management and several risk management aspects relevant to subsurface fluid 
injection are described. This is followed by a description of the typical life-cycle 
of a fluid injection project and the stakeholders involved. Then, it is discussed 
how risk management may be applied during the different stages of the project, 
including an account of the potential methods that can be used and the role of 
the different stakeholders. This will provide the opportunity to highlight the 
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connections between experimental work and risk assessment, and to discuss 
how these connections may be strengthened. This work demonstrates the 
importance of scientific research to better assess risks, but also illustrates that in 
order to be able to quantify risk, lab-based data needs to be extrapolated to the 
reservoir-scale, preferably through constitutive modelling, which was outside 
of the scope of this study. 

 

 

 

Figure 6.1 The general risk management framework, after Gormley et al. (2011), showing 
the core of the framework at the centre and the management process steps around it. The 
process consists of four main steps (inner circle, bold), with each additional sub-steps or 
influences (outer elements). While the sub-steps of problem formulation and addressing 
risk are more flexible, assessing risk requires a staged approach. 
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6.2 Theoretical framework 

 The risk management process 6.2.1
Risk management is a structured approach that assists in making informed 
decisions and can be applied to manifold situations (ISO, 2018). In this thesis, 
the guidelines for environmental risk management from Gormley et al. (2011) 
have been adopted. These guidelines are general, hence applicable to a range of 
situations, and provide structure to the risk management process, while 
allowing the user to select the methodology that best fits the project and the 
phase it is in. The structured risk management process involves the following 
steps: 1) problem formulation, 2) risk assessment, 3) options appraisal and 4) 
addressing risk (see Figure 6.1 after Gormley et al., 2011). Furthermore, the 
process is iterative, meaning that there should be communication with the 
various stakeholders throughout, such that learnings can be actively integrated 
by all involved.  

The first step in the risk management process is to precisely formulate the problem 
(Figure 6.1), which will set clear boundaries for the following steps and allow 
for effective risk management. Problem formulation requires dialogue with 
stakeholders (see Table 6.1) to establish the basic information about the risk, 
specifically addressing ‘what’, ‘to whom’ (or which part of the environment), 
‘where’ (location) and ‘when’ (in time). Once the problem is clearly formulated, 
a preliminary conceptual model is developed. This model includes 
hypothesised relationships between the hazard source(s), pathway(s) of hazard 
spreading/broadening and the receptor(s) affected by a hazard. In addition, 
scenarios may be constructed, describing plausible options for how the future 
may develop. These scenarios should focus on envisioning alternative 
evolutions of the entire system rather than individual components. 
Subsequently, the resulting risk inventory is screened and prioritised to select 
risks that will be investigated in more detail and those that will be excluded 
from further analysis. Prioritising risks is a useful step for allocating resources, 
i.e. the amount of time and money spend on investigating specific risks. Finally, 
the assessment is planned. An overview is made of the data required to conduct 
the risk assessment and methods used for data collection and assessment. This 
step also includes the selection and formulation of evaluation criteria, i.e. the 
measure of risk used in the assessment and the corresponding risk thresholds. 

After the scope of the assessment is clearly formulated, steps may be taken to 
assess the risk (Figure 6.1 – see also Chapter 2). This step in the risk management 
process consists of a formal, staged approached. Firstly, the hazards are 
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assessed. From the preliminary conceptual model, hazards are selected 
(identified) for the hazard assessment, which involves a thorough analysis of 
the mechanisms of hazard occurrence, pathways of hazard spreading and 
potential consequence receptors. This information can then be used to improve 
the conceptual model by confirming, refining and/or extending the 
hypothesised relations between hazard causes, hazards and receptors, and the 
future scenarios. Secondly, the consequences are assessed. For each receptor, 
the consequences are identified and the magnitude of the consequences 
evaluated. Thirdly, the probabilities are assessed, including the probability of 
the i) hazard occurring, ii) receptor being exposed to a hazard, and iii) receptor 
being affected by the hazard. Then, in the fourth stage, the risk and uncertainty 
are evaluated. To evaluate the risk, the consequences and probabilities are 
combined and compared with the risk limits set during problem formulation. 
Additionally, uncertainty and sensitivity of the results to changes in reservoir, 
fluid and injection variables are explored to gain further understanding of the 
risk.  

Following risk assessment is appraisal of the options (Figure 6.1), where the most 
appropriate risk management strategy is identified and selected using a 
structured approach. This consideration is driven by technical factors, economic 
factors, environmental security, social issues and organisation capabilities. 
Based on the outcome of the risk assessment and the comparison to risk limits, 
it is decided how the risks will be addressed. If a risk exceeds the set risk limits, 
options need to be considered to terminate, mitigate or transfer the risk 
(Gormley et al., 2011). Risk termination would mean that the project is ended. If 
a risk falls below the risk limit, it may be accepted as it is. In the subsequent 
stage, address risk, any action, procedure or operation required to fulfil the 
objectives of the risk management strategy is initiated (Figure 6.1). In addition, 
the followed strategy is reported and the outcome is monitored and surveyed. 
Depending on how the risk is addressed, uncertainty in both the probability 
and consequence of the risk may be reduced.  
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Figure 6.2 Risk factors influencing the successful implementation of a subsurface fluid 
injection project (after Gerstenberger et al., 2009), with each risk factor influencing the 
overlying factors.  

 

 

Figure 6.3 Conceptual diagram showing the different risk levels (c.f. risk is defined as 
the product of probability and consequence) and the effect of risk assessment on 
uncertainty. The level of risk can be divided into three regions: unacceptable, tolerable 
and broadly acceptable. Risk assessment may reduce the uncertainty in probability and 
consequence (i.e. smaller error bars), while the improved understanding of the risk may 
reduce the level of risk (e.g. from A to C) or increase the level (e.g. from A to B). 
Additional risk reducing measures may be applied to further reduce the risk level (e.g. 
from B to C).  
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 Other aspects of risk management relevant to a subsurface fluid 6.2.2

injection project 
There are several factors that influence the successful implementation of a fluid 
injection project, including technology, public, policy, economics and safety 
(Figure 6.2; Gerstenberger et al., 2009, 2013). The risk management process aims 
at demonstrating that these factors are sufficiently satisfied before injection 
commences. First of all, it needs to be shown that it is technically possible to 
inject the fluid and keep it contained in the reservoir or storage complex, i.e. the 
storage site and surrounding geological domains affecting the overall storage 
integrity, such as the seal and secondary containment formations. The technical 
feasibility may create support among the general public for fluid injection, 
though this has been shown to require transparent communication with the 
public (Boyd et al., 2013; Brunsting et al., 2011a; De Best-Waldhober et al., 2012; 
Dütschke, 2011; Szizybalski et al., 2013). Once public acceptance has been 
established, policy can be made to allow fluid injection, including a clear 
definition of the ownership and liability, as well as acceptable risk levels, such 
as maximum allowable leakage rates or volumes. Then for the project to 
continue, it needs to be shown that the project is economically viable. The last 
factor that can impede implementation is the safety of the project, i.e. 
throughout the entire project the safety of the environment, people, buildings 
and infrastructure need to be ensured.  

Generally, three risk regions are recognised (Figure 6.3; DNV, 2009). Firstly, a 
risk may be unacceptable and cannot be justified. An injection project will not 
continue when one of the identified risks is unacceptable. Secondly, a risk may 
be tolerable or as low as reasonably practicable (ALARP). Further reducing this 
type of risk may mean that this is impracticable and/or that the costs to acquire 
the desired reduction are disproportional. Lastly, the risk may be broadly 
acceptable, i.e. negligible, and no extra effort is needed to demonstrate that the 
risk is ALARP.  

The aim of the various risk assessments conducted over the course of the project 
is to improve the apprehension and quantification of the identified risks, which 
will reduce the uncertainty of the risk probability and the uncertainty in its 
consequence (Figure 6.3). Improved understanding of the risk may also lead to 
a reduction in risk. However, in some cases, more knowledge may increase the 
risk and additional measures will be needed to reduce the risk to acceptable 
levels. However, no matter how well the risk is understood or the number of 
risk mitigation measures in place, there will always be some residual risks.  
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Table 6.1 Overview of project stakeholders and their role 

Stakeholder Role 
Operator (company or 
consortium) 

• Initiate, manage, conduct and monitor injection 
project 

• Set-up contact and collaboration with other 
stakeholders 

• Financially and legally responsible 
Researchers/experts • Collect and analyse data 

• Provide input during expert elicitation 
Modellers • Build models used in risk assessment 
Service companies or 
laboratories 

• Provide standard experimental, analytical and/or 
assessment services, e.g. Special Core Analysis 
(SCAL), risk assessment 

Regulating body at national, 
regional and local level 

• Make legislation 
• Grant permission for exploration, injection and 

closure 
• Liable in the post-closure stage  

NGO’s • Input for risk limits 
Local community • Express concerns about project 

• Help monitor above ground consequences 

 

 The life-cycle of a subsurface fluid injection project and its stakeholders 6.2.3
Any subsurface fluid injection project will progress through the following 
phases: 1) site screening, 2) selection, 3) characterisation, 4) development, 5) 
operation, 6) closure, and 7) post-closure (Figure 6.4; Aarnes et al., 2009; DNV, 
2009; Gerstenberger et al., 2013). In the first phase, site screening, an inventory of 
potential sites is made based on preliminary criteria set by the stakeholders (see 
Table 6.1; Grataloup et al., 2009; IEAGHG, 2009; Miocic et al., 2016; Oldenburg, 
2008). Then in the second phase, selection, the criteria are defined in more detail 
based on additional research and a preferential site is selected. Before 
continuing to the next phase an exploration permit would need to be put in 
place. The third phase is site characterisation, where the selected site is 
characterised in more detail and generally also includes a Front-End 
Engineering and Design (FEED) study (e.g. see the FEED studies for the 
Peterhead carbon capture and storage project (Dean and Tucker, 2017) or for 
subsurface wastewater injection projects (Ovalle et al., 2009, 2008)). If the site 
still meets the set risk criteria an injection permit can be applied for. Once the 
injection permit is granted, the project moves into the fourth phase of site 

development. Now the site facilities are constructed according to the agreed 
design plans and prepared for fluid injection. Subsequently, the operation phase 
ensues (fifth phase) and fluid injection commences. During injection, the 
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available monitoring tools, as defined in the design study, ensure that the 
location of the injected fluid throughout, or out of, the reservoir can be 
monitored (Arts et al., 2004; Goertz-Allmann et al., 2014; Mayer et al., 2013; 
Pevzner et al., 2017; Raknes et al., 2015; Ren et al., 2016; Ringrose et al., 2013; 
Stork et al., 2015; Verdon et al., 2013; White, 2013; White et al., 2018). At the end 
of the operation phase, a final storage assessment report is prepared for the site 
closure permit. In the closure phase (sixth phase), the site is decommissioned 
and the site closure certificate is granted, provided all the agreed upon safe 
storage criteria are met. In addition, depending on the legislation, liability is 
transferred to the regulating body. After safe closure is ensured and the closure 
certificate is obtained, the project will transition into the post-closure stage, 
during which post-closure site care is conducted, including preservation of data 
and documentation. 

Various stakeholders will be involved in the project (Table1), including 1) the 
operator of the injection site, which can be a company or consortium of 
companies; 2) researchers or experts from different disciplines involved in 
collecting and analysing data, who can be working in industry, in academia, for 
the government or at independent research institutes; 3) risk assessment 
modellers from different disciplines, working in industry or at research 
institutes; 4) service companies or laboratories involved in specific parts of the 
project, i.e. providing tools for conducting a risk assessment, or collecting and 
characterising data; 5) government providing legislation, at a national, regional 
and local level; 6) non-governmental organisations (NGO’s) concerned about 
societal and environmental consequences; and 7) local community in the area 
near the injection site. 

6.3 A risk management workflow for the different phases of a 

subsurface fluid injection project 

During the life-cycle of an injection project, the iterative risk management 
process, as illustrated in Figure 6.1, is continuously applied. This means that 
multiple risk assessments are performed to address the identified risk factors 
throughout the life-cycle of an injection project. Initially, the risk assessments 
will have a low level of detail and the focus will be on precisely formulating the 
problem and the scope of the project (Figure 6.4). At the same time, as the 
potential injection site is being selected and characterised, the risk is low as no 
injection occurs yet, though there is a financial risk as costs are being made in 
preparation for obtaining the injection permit. As the project  
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moves through the subsequent phases, more data is collected, allowing for 
more detailed risk assessments and further reducing uncertainty (Figure 6.4). 
Once injection commences and the potential risk of, for example, leakage or 
induced seismicity becomes a true possibility, the project risk increases 
temporarily (Figure 6.4). Towards the end of the project, risk assessments will 
focus on monitoring and verification, which reduces the overall risk again. 

 Risk management during site screening and selection 6.3.1
During site screening and selection, the problem and scope of the project need 
to be clearly formulated by the operator(s), including the purpose of injection, 
the type of fluid injected and the stakeholders involved. In addition, it needs to 
be defined what the characteristics of the storage complex should be. Input may 
be acquired via expert elicitation and the resulting characteristics can be used as 
initial filtering criteria for site screening and selection. Moreover, the regulator 
needs to clarify whether there are any other restrictions regarding the injection 
site, such as the site being onshore or its proximity to drinking water wells. 

In the Netherlands, data collected on the Dutch subsurface is publicly available 
(i.e. via www.nlog.nl) and can be used as a basis for the initial screening and 
selection of sites. In addition, a preliminary risk assessment can be made using 
this data, focusing on qualitatively outlining the potential risks. The methods 
used at this stage are preferably data-light and could include brainstorming 
amongst a group of experts and other stakeholders to identify hazards, 
associated risks and mitigation options (Gerstenberger et al., 2013). This is 
particularly of importance for a potential project proposing injection of a new, 
previously unassessed fluid, whereas CO2 or wastewater injection projects can 
build upon existing experience and knowledge. The result of brainstorming 
could be as simple as a list of risks. A slightly more elaborate tool that can be 
employed is a risk register (Gerstenberger et al., 2013), which is a table 
containing an overview of all the risks identified for a project. Each risk 
includes a description, risk owner, assessment of the consequences, related 
probabilities, and potential response. Like brainstorming, the input for a risk 
register can be based on expert elicitation. Another approach using expert 
elicitation, are sessions where an initial overview of Features, Events and 
Processes (FEP) (Lewicki et al., 2007; Maul et al., 2005) relevant to the injection 
project is provided and experts, or different groups of experts, assess the risks 
in terms of consequence and probability based on their expert knowledge 
(Edlmann et al., 2016; Gough and Shackley, 2006; Hnottavange-Telleen, 2013; 
Hnottavange-Telleen et al., 2009; Polson et al., 2012). The experts could be from 
industry, academia or government, and should have knowledge on the hazards 
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being assessed. Assessment of induced seismicity should, for example, involve 
experts from rock mechanics and reservoir geomechanics.  

After the risk assessment is conducted, the results are presented using tools 
such as a bow-tie diagram (Tucker et al., 2013) or a risk matrix (Hnottavange-
Telleen, 2013; Hnottavange-Telleen et al., 2009). A clear presentation of the 
results facilitates the decision-making process for selecting the most suitable 
injection site. After site selection, a plan is made on how the identified risks will 
be addressed in the subsequent phases of the project. At this stage, it is also 
important to inform the local community about the selection of the injection site 
and the decision-making process, as well as the basic principles of the 
technology and its potential risks (Boyd et al., 2013; Brunsting et al., 2011a; De 
Best-Waldhober et al., 2012; Dütschke, 2011; Szizybalski et al., 2013). Again 
bow-tie diagrams and risk matrices can be used to facilitate communication. 
Any concerns expressed by the community at this stage may be incorporated in 
the risk assessment performed in the subsequent stages. Such involvement of 
the local community will likely create support for the project, which is 
necessary for a successful injection project (Dütschke, 2011; Van Egmond and 
Hekkert, 2015). Risk management during site characterisation 

During site characterisation, the intended injection site is thoroughly 
characterised with the aim to understand the risks posed by fluid injection, such 
that an informed decision can be made to either continue with the project or to 
terminate it. Based on the results from the previous phases, the risks that need 
to be investigated are clearly defined, as well as the risk assessment approach 
used and the stakeholders involved in conducting the assessment. This stage 
requires detailed data and assessments of a wide range of hazard causes and 
consequences and will, therefore, involve experts, researchers and modellers 
from a number of disciplines. There needs to be a constructive dialogue 
between these groups on the expected outcome of data collection and the type 
of input needed for models, such that the two are aligned, and data are 
provided in an appropriate form to be used by the next user in the assessment 
chain. For informed decision-making, risk limits need to be set beforehand. If 
risk limits are not readily available, the regulator, experts and NGO’s may be 
called upon to define the limits and create legislation.  

To characterise the intended injection site in more detail, more site information 
is collected. This could include improved understanding of the subsurface 
characteristics, including the number of legacy wells and their abandonment 
state. Furthermore, site information should include the location and 
vulnerability of any receptors in the area, such as buildings, inhabitants, 
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drinking water resources, other subsurface resources, atmosphere, flora and 
fauna. The collected information is used to build relevant, detailed models, such 
as geomechanical models for the subsurface, and exposure and vulnerability 
models for receptors at the surface, aimed at quantifying the identified risks. 

A detailed risk assessment also requires more information on hazard causes, 
pathways or mechanisms of hazard spread, and receptor vulnerability to 
hazard consequences (see also Figure 2.1 in Chapter 2). Research programmes 
may be initiated with academic or independent research institutes to investigate 
hazard causes, such as the conditions for fault reactivation, caprock failure and 
well failure, as well as the reservoir response to fluid injection. This could 
involve experiments conducted at realistic reservoir conditions or modelling 
studies to explore the interaction between the injection fluid and the reservoir 
rock, caprock, fault rock, and wellbore cement and steel, such as was done for 
the Dutch research programs on CO2 Capture, Transport and Storage (CATO-1 
and CATO-2, e.g. Hangx et al., 2015, 2010a; Kaveh et al., 2014; Kirichek et al., 
2019; Liteanu et al., 2012; Peksa et al., 2015; Pluymakers et al., 2014b; Samuelson 
and Spiers, 2012; Tambach et al., 2015; Wolterbeek et al., 2013) or the European 
ULTimateCO2 project (e.g. Bakker et al., 2019; Koenen et al., 2013; Manceau et 
al., 2015; Rohmer et al., 2015). Similar research programmes or individual 
studies may be initiated to refine the knowledge on the pathways of hazard 
spread or on receptor vulnerability.  

Ideally, qualitative and quantitative insight gained into the hazards through the 
research programmes need to be incorporated into the geomechanical, exposure 
and vulnerability models that are used to assess the risk. An example is the 
integrated assessment model developed by the National Risk Assessment 
Partnership (NRAP) aimed to simulate CO2 injection, migration and potential 
impact on groundwater of atmosphere (see Pawar et al., 2016). One of the 
biggest challenges for a large-scale project is translating knowledge obtained in 
small-scale models or laboratory experiments to the reservoir-scale. It is 
unlikely that the results from the research programme can be directly 
incorporated into such reservoir models, aimed to assess the impact of 
commercial-scale injection. Therefore, modellers and researchers need to 
interact already at the start of the research programme to discuss the expected 
outcomes, the type of output data and how this can be integrated into the 
models. By discussing this at the start of the research programmes, research can 
be steered to generate results that can be directly used by the modellers. In 
addition, researchers and modellers need to discuss how uncertainty will be 
included in the models. Though intensive site characterisation and in-depth 
research programmes are likely to reduce the uncertainty in parameters, 
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mechanisms and processes, some uncertainty will remain, which needs to be 
addressed adequately (Bostrom et al., 2008; Dempsey and Suckale, 2017).  

An additional aim of the risk assessment can be to identify the most suitable 
injection strategy. This injection plan includes the injection timing, number of 
injection wells and their location, and the targeted injection volume and rate. 
Alternative injection scenarios can be investigated to, for example, identify the 
most cost-effective injection strategy or investigate the effect of injection 
strategy on seismic risk.   

The actual risk assessment can be done following various approaches, i.e. 
deterministic or probabilistic (Bárdossy and Fodor, 2001; Klügel, 2008; Smith et 
al., 2011), using different models depending on the risk being investigated. 
Specific models exist to determine the leakage risk (e.g. Bowden and Rigg, 2004; 
Farhat and Benson, 2016; Gerstenberger et al., 2015; Oldenburg et al., 2009; 
Pawar et al., 2016) or induced seismicity risk (e.g. Bowden and Rigg, 2004; 
Gerstenberger et al., 2015; Rutqvist et al., 2014) related to CO2 injection. These 
models are likely also applicable to assess these risks of different injection 
fluids, though the impact of the fluid on the hazard causes and consequences 
will likely differ with fluid type. However, these models usually focus on 
assessing a single risk and, as discussed in Chapter 2, the occurrence of one 
hazard has the potential to trigger another hazard. Therefore, it would be 
valuable to link the separate models or to develop a single model to assess the 
occurrence of multiple hazards and the cumulative risk. 

Regardless how the risk assessment is conducted, the results need to be 
presently clearly and reflect the uncertainty in the data. These results form the 
basis for the decision on whether to advance the project to the next stage. 
Similar to the previous stage, the outcome of the risk assessment needs to be 
communicated to all stakeholders, particularly the general public as public 
acceptance plays a big role in progressing the project beyond the technological 
feasibility stage (see Figure 6.2). Since the result may be complex, it is important 
to present the results in a way suitable for the targeted stakeholders (Brunsting 
et al., 2011a, 2011b; De Vries et al., 2015, 2014; Terwel et al., 2012). In 
communicating with all stakeholders, it is necessary to help them to digest the 
results by explaining how the assessment was done, what the assumption and 
uncertainties were, and how this may have influenced the outcome of the 
assessment. This should be done using comprehensible language and with level 
of detail that is adequate for the targeted stakeholder. Multiple information 
sessions are likely required to fully inform the stakeholders. 
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Figure 6.4 The life-cycle of a generic fluid injection project in terms of timing, phases, uncertainties and risks. The timing of the phases is 
shown in the grey bar in the top of the diagram. Directly below, the different phases of the project are shown, with below each phase a list 
of the general actions required, and the permits issued by the regulator (ovals). Uncertainty and risk vary throughout the project, while the 
detail of the risk assessments increases with project time, as shown in the diagram at the bottom of the image. Stages where input from 
researchers/experts is required are indicated by red star, while involvement with the local community is indicated with blue stars.



Workflow of a subsurface fluid injection operation 

187 
 

 Risk management during operation 6.3.2
After the site is constructed, operation ensues and the fluid is injected into the 
storage reservoir. In addition to injecting the fluid, the main aim of this phase is 
to monitor injection, the spread of the fluid into the reservoir and any potential 
consequences thereof. A monitoring plan needs to be in place and sufficient 
resources need to be allocated for monitoring, as well as mitigation and 
remediation. Monitoring can also be used to verify and refine the models used 
in the risk assessment, such that uncertainty and risk is further reduced. The 
monitoring plan needs to be developed in concordance with researchers and 
modellers who can identify what kind of data can be collected and what kind of 
data is necessary to verify the models, respectively.  

Data that can be collected at the injection well are the injection temperature, 
pressure, rate and volume. In addition, strategic monitoring wells can be used 
to map the spreading of the fluid throughout the reservoir and measure the 
change in pressure, temperature and fluid chemistry (Chen et al., 2018; Jung et 
al., 2017; Mayer et al., 2013; Nowak et al., 2013; Ren et al., 2016). Moreover, 
subsurface monitoring can be conducted using seismics, performed at fixed 
time intervals to obtain a time-lapse overview of plume migration (Arts et al., 
2004; Pevzner et al., 2017; White, 2013; White et al., 2018). Furthermore, above 
ground monitoring includes measuring vertical and horizontal surface 
displacement via satellites using Interferometric Synthetic Aperture Radar 
(InSAR) (Loschetter et al., 2015; Teatini et al., 2011a; White et al., 2014), 
observations of damage to buildings and infrastructure, and changes in flora 
and fauna, which can all be indicative of one or multiple hazards occurring. It 
should be noted though that displacement monitoring or infrastructure damage 
assessment is only possible for onshore injection sites. In monitoring the above 
ground changes observed for onshore sites, the local community can also play a 
role and it is, therefore, important that the local community is well-informed 
about the current status of the injection project. Local residents are likely the 
first to notice damage to houses and infrastructure or changes in plant and 
animal life in their direct surroundings. The injection company needs to 
provide a platform where these observations can be reported. For any of the 
potential consequences, the monitoring plan should include a strategy on how 
to address both the occurrence of the hazard, i.e. indicate the steps to mitigate 
the hazard, and the occurrence of the consequence(s), i.e. indicate the steps to 
remediate the consequence(s).  
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 Risk management during closure and post-closure 6.3.3

Once injection is completed, i.e. the targeted injected volume has been reached, 
and it is verified that hazards are not occurring or that the consequences are 
sufficiently remediated, the site can be closed. After decommissioning of the 
injection and monitoring wells, above ground monitoring may continue for a 
couple of years, while liability is transferred to the regulating body. The 
regulating body is responsible for site care and data preservation and 
documentation. This also means that an action plan should be available in case 
any of the identified hazards occurs in the future. In addition, the platform 
where the public can report suspected injection consequences should remain 
open for some period of time. This will ensure clarity on the course of action for 
the local community in case of any irregularities.   

6.4 Integrating the chain 

Subsurface fluid injection is an intricate project that requires input from a wide 
range of disciplines, including economics, engineering, environmental sciences, 
geosciences, law, and social sciences, and stakeholders in all layers of society. 
For a successful injection project, these different interests need to be aligned and 
integrated, which can be done following a structured risk management 
approach as described in the a foregoing. However, there are some remaining 
challenges. Regarding the experimental work investigated in this thesis 
(Chapters 3 to 5), while the results provide qualitative input for a risk 
assessment, i.e. the injection of a specific type of fluid will or will not enhance 
reservoir compaction rates, the results cannot be used to quantify compaction at 
the reservoir-scale yet. At present, the experimental work presented in Chapters 
3 to 5 can serve as a basis to further investigate the impact of fluid injection on 
the mechanical behaviour of sandstone. Further research should aim to quantify 
the observed behaviour in the form of a constitutive law that includes the effect 
of mineralogy, porosity, fluid chemistry and stress-temperature conditions to 
predict the stress-strain and stress-strain rate behaviour over a wide range of 
timescales. Such a law, or set of laws, may be suitable to be incorporated into 
reservoir-scale geomechanical models aimed at assessing the long-term 
reservoir behaviour, which drive surface phenomena such as surface 
subsidence and induced seismicity (Spiers et al., 2017). In order to be able to 
obtain a constitutive model suitable for incorporation into a reservoir model, 
one should aim to use as few input variables as possible, which need to be 
aligned with the modelling team. Additionally, it should be discussed in what 
form experimental data can directly be fed into such a large-scale model, if 
possible. By starting this dialogue, it will be more likely that the experimental 
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results will get incorporated into a model and, hence, will contribute to an 
improved risk assessment.  

The same principle also applies vice versa. In each model, assumptions are 
made, which may need to be verified by experiments. Alternatively, coupled 
interactions, such as chemo-mechanical effects caused by fluid-rock 
interactions, may have been excluded from a geomechanical model because 
they are not well-understood, are not significant (Hangx et al., 2015; Rohmer et 
al., 2016) or coupled modelling is computationally complex as seen in, for 
example, coupling of reactive transport and geomechanics (Nguyen et al., 2016). 
By sharing these model limitations with those conducting experiments, plans 
may be formed to collect experimental data to improve these aspects.  

In addition, this back-and-forward interaction on potential experimental 
outputs and model requirements ensures that both groups remain focused on 
the identified problem, facilitating the transition from fundamental knowledge 
to commercial application. For example, an experimental dataset may be very 
extensive and cover a wide range of conditions, but if these are not applicable to 
the problem, a large part of the dataset will be redundant. Simultaneously, a 
modeller may incorporate a certain mechanism into the model, while 
experimental results have already shown that this mechanism is not operative 
at the conditions relevant to fluid injection. Increased interaction between 
experimentalists and modellers may ensure effective allocation of resources to 
drive the project to the next phase. 

While the gap between experimentalists and modellers from the field of 
geosciences is relatively small, as they both provide input to the geological 
technical and safety factors of the project (Figure 6.2), a larger gap exists with 
the experts from other fields, providing input to the other factors listed in 
Figure 6.2. These experts may, for example, be the policymakers, lawyers and 
judges that create the policy necessary for fluid injection. An important aspect 
of policy making is liability, i.e. who is responsible if any damage or injury 
occurs. In case of induced seismicity, liability is partly determined by the policy 
in place, but also by the state of knowledge on the phenomenon as well as the 
actions put in place to mitigate seismicity or remediate the effects. Therefore, to 
assign liability, input needs be gathered from both experts on policy and 
experts on the geologic aspects. As these fields are strongly separated, extra 
effort is required to start the dialogue, to align the parties’ needs or 
contributions, and to keep the dialogue going.   
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6.5 Conclusions 

Fluid injection into depleted small volume hydrocarbon reservoirs may be a 
potential strategy to mitigate production-induced reservoir compaction and the 
concomitant risks of induced seismicity and surface subsidence, especially in 
small gas fields. However, it is paramount that these and other risks, such as 
leakage, are not increased during injection. Therefore, during any injection 
operation the risks need to be managed by following a structured approach. A 
typical risk management workflow is iterative and includes the following 
actions: 1) identify problem, 2) assess risks, 3) appraise options, and 4) address 
risks. A range of risk factors affects the overall risk of a project and include 
technology, public, policy, economics and safety, and, therefore, experts from 
relevant disciplines need to be involved during the project.  

Several phases were distinguished that any subsurface fluid injection project 
will move through, including site screening, selection, characterisation, 
development, operation, closure and post-closure. In addition, various 
stakeholders are involved, such as the operator of the injection site, researchers, 
risk modellers, regulator(s), service companies, NGO’s, and local community. 
These stakeholders will provide input to the project and the multiple risk 
assessments that are conducted over the life-cycle of the project. The level of 
detail of these assessments will increase as the project progresses through the 
stages. During the initial stages, researchers may be called upon to provide 
input during expert elicitation, while during characterisation and operation, 
extensive research into hazard causes, pathways of hazard spread and the 
impact on receptors may be required. Close collaboration between risk 
modellers and researchers can result in a direct integration of research results 
into the risk modelling. 

The successful implementation of a subsurface fluid injection project is for a 
large part determined by the communication and collaboration of the various 
experts involved in the project. The larger the difference in the experts’ fields, 
the more effort is required to align the experts. This calls for good project 
management and an adequate project structure that allows for easy 
communication between those involved. It needs to be clear to all involved 
what their role in the project is, i.e. what kind of input they are expected to 
provide, and how and by whom their input will be used.  
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   Chapter 7

General conclusions and 

suggestions for future research 
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This thesis has reported a combined study aimed at investigating the effect of 
injected pore fluid chemistry on the compaction behaviour of sands and 
sandstones in the context of assessing the geological and environmental risks of 
fluid injection into depleted small volume hydrocarbon reservoirs to mitigate 
reservoir compaction, or for sustainable energy production and storage. Five 
main aims were addressed, including 1) characterisation of the risks associated 
with fluid injection and the assessment approaches used to determine these 
risks; 2) studying of the effect of cyclic loading on elastic and permanent 
compaction of quartz sand aggregates; 3) systematic investigation of the effect 
of pH on short-term (cyclic) and long-term (creep) compaction of quartz sand 
aggregates; 4) analysis of the effect of typical fluids and potential additives 
considered for fluid injection on compaction creep of sands and sandstone; and 
5) identification of synergies between risk assessment and rock deformation 
experiments.  

The first aim was approached by reviewing and analysing existing risk 
assessments on injection of fluids, including CO2, methane, nitrogen and 
wastewater, into depleted small volume hydrocarbon reservoirs. Specific 
attention was paid to the outcome of the risk assessments and the applied 
methodology. In addition, aims two to four were addressed by performing 
uniaxial compaction (oedometer-type) experiments on sand aggregates and 
quartz-cemented sandstone. Stress-cycling experiments on quartz sand 
aggregates were conducted to investigate the effect of cyclic loading on 
compaction. In addition, these tests served to study the short-term compaction 
behaviour in response to saturation with aqueous solutions with pH values in 
the range 1-14. Compaction creep experiments on both quartz sand aggregates 
and sandstones saturated with various supercritical and aqueous pore fluids 
were conducted to investigate the long-term (creep) response. Furthermore, the 
final aim was approached by evaluating a potential risk management workflow 
for the different phases of a subsurface fluid injection operation.  

The main findings and conclusions of this study are reviewed in the following. 
The implications for fluid injection into subsurface porous reservoirs are 
subsequently discussed, and remaining and newly identified knowledge gaps 
described, providing possible directions for future research. 
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7.1 Main findings 

 The environmental and geological risks of subsurface fluid injection 7.1.1
A qualitative review of the environmental and geological risks of fluid injection 
into depleted small volume hydrocarbon reservoirs was performed, to provide 
insight into lessons learned and potential knowledge gaps (Chapter 2). In total 
28 risk assessments were evaluated, concerned with the subsurface injection of 
CO2 (eleven studies), methane (nine studies), nitrogen (two studies) and 
wastewater (six studies). The main hazards of fluid injection were found to be i) 
leakage, ii) reservoir deformation and iii) induced seismicity, and, employing a 
standard risk analysis approach, were used as a basis for a logic tree displaying 
nine hazard-receptor combinations. The main identified causes potentially 
triggering these hazards were well failure, fluid migration into connected 
groundwater systems, permeation along faults, caprock failure, reservoir 
deformation (compaction and expansion), and fault reactivation. The impact of 
triggered hazards is expected to be on the atmosphere, the surface environment 
(including surface sediments and surface water), and/or the subsurface 
environment (encompassing subsurface resources and groundwater).  

For most hazard-receptor combinations, the probability of the hazard occurring 
was well-defined. However, there was a large spread in possible impacts, either 
due to the existing spread in severity of the potential consequences or due to a 
lack of knowledge on the possible consequence impacts, leading to 
uncertainty/spread in the qualitative risk level (i.e. the product of probability 
and impact) defined for each hazard-receptor combination. Four hazard-
receptor combinations could be evaluated for multiple fluids. Leakage to the 
atmosphere of CO2 and methane was shown to have an equal level of risk. 
However, the underlying level of probability and impact differed with the 
probability for CO2 leakage being higher (but with low impact), while methane 
leakage is expected to have a higher impact (but with low probability). The risk 
of leakage to the groundwater of either CO2, methane or wastewater is expected 
to have a similar, low probability, though, except for CO2, the impact of these 
fluids on the groundwater environment is still poorly constrained. The effect of 
CO2 and methane injection on reservoir deformation with surface displacement 
was found to be likely, but with low impact, though no assessment was 
available for other fluid types. The risk of induced seismicity with ground 
shaking, caused by fluid injection and/or reservoir deformation, was notably 
poorly constrained due to the lack of consequence assessments. Overall, the 
analysis showed that the risks of fluid injection are in part related to the type of 
fluid injected. However, as the impacts of different fluids are assessed 
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differently, i.e. using different approaches, and the magnitudes of impacts are 
in some cases unknown, comparison between the different assessments is 
hampered.  

 Comparison of risk assessment approaches 7.1.2

Evaluation of assessment approaches of the selected risk assessments showed 
that risk assessments typically consist of five stages: 1) site characterisation, 2) 
hazard analysis, 3) consequence assessment, 4) probability assessment, and 5) 
risk and uncertainty assessment. Overall, risk assessments tend to focus on the 
first three stages, specifically on defining the system, identifying and analysing 
hazards, and identifying consequences. Only for fluid injection of CO2 and 
methane, and in some instances wastewater, the consequence magnitudes and 
probabilities were evaluated as well. It was found that the largest uncertainty in 
the risk assessments lies with quantifying site specific parameters, such as 
reservoir volume and porosity-permeability, fault density and flow 
characteristics, and in situ stress regime. Furthermore, the modelling time used 
in the different studies varied strongly from less than a year to 10,000 years, 
depending on the specific injection stage under assessment, e.g. injection period 
versus long-term storage.  

In terms of knowledge gaps, the comparison highlighted a lack of knowledge 
on the hazard causes, including well failure, fluid migration, caprock failure, 
reservoir compaction and fault reactivation, particularly for fluids other than 
CO2 and methane. In addition, the lack of consequence assessments focusing on 
leakage and induced seismicity means that the consequences and the impact of 
these hazards are not fully appraised. Moreover, appropriate risk thresholds, 
i.e. acceptable levels of risk and occurrence frequency, are not defined, or 
seldom used to evaluate the results of the risk assessment.  

 The effect of stress cycling and chemical environment on elastic and 7.1.3

permanent sand aggregate compaction 

Reservoir deformation is identified as one of the hazards of fluid injection, 
though the impact of chemical environment on reservoir deformation is still 
poorly constrained. Laterally-constrained, axial stress-cycling (oedometer) 
experiments were conducted on quartz sand aggregates under low-vacuum 
(dry) conditions, as well as employing different pore fluids, to investigate sand 
compaction under stress conditions representative for short-term or cyclic fluid 
injection (Chapter 3). Sand aggregates can be considered an analogue for clean, 
highly porous, quartz-rich reservoir sands and sandstone. The experimental 
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conditions (80 °C; maximum applied axial stress of 35 MPa; fluids at 
atmospheric pressure) were relevant for depleted hydrocarbon reservoirs at 2-4 
km depth. In each test, the stress was cycled between near zero (0.3 MPa) and 
35 MPa applied stress over five or ten cycles at loading rates of 5 MPa/min. In 
wet environments, fluids varied from n-decane and distilled water to aqueous 
solutions of HCl and NaOH, spanning a pH range of 1-14. 

In all chemical environments, the total amount of compactive strain 
accumulated per stress-cycle strongly decreased with increasing cycle number, 
with higher porosity samples producing more strain than lower porosity ones. 
Elastic strain (1.5-1.9% in the first stress-cycle) showed a small decrease with 
each subsequent stress-cycle, but did not appear to be affected by the presence 
of fluid and fluid chemistry, as under drained conditions elastic behaviour is 
mainly controlled by the elastic moduli of the material. By contrast, permanent 
strain strongly decreased as the number of stress-cycles increased and was 
strongly affected by chemical environment. Upon the introduction of aqueous 
fluids more permanent strain was observed compared to stress-cycling under 
low-vacuum (dry) conditions (0.7-0.9% in the first stress-cycle), whereby the 
amount of strain increased from saturation with n-decane (0.9-1.0%), to strong 
acidic environments (1.0-1.4%), distilled water (1.9%), and to highly alkaline 
environments (2.5-2.7%). This effect was most pronounced in the first stress-
cycle and decreased with each subsequent cycle, disappearing around the 
eighth or ninth stress-cycle.  

Acoustic emissions (AEs) were counted during stress-cycling, initiating around 
10 MPa applied stress in the first cycle and shifting to higher stress levels in the 
subsequent cycles. The cumulative AE count showed a similar dependency on 
sample porosity and the number of stress-cycles as the total strain, i.e. more 
cumulative AE’s with increasing cycle number and higher initial porosity, with 
the effect of fluid and solution pH partly reflected in the AE data. Grain size 
analysis revealed significant grain size reduction after application of five stress-
cycles and microcracks were pervasive throughout the samples. The average 
grain size reduction and microcrack density increased with increasing solution 
pH. Furthermore, sample stiffness varied during loading and with each 
consecutive cycle. During the first stress-cycle, sample stiffness increased to a 
peak value and immediately decreased again. In the subsequent stress-cycles, 
the overall stiffness was higher and remained stable after reaching the peak, 
showing only a slight decrease towards to the end of loading. The sample 
stiffness was generally lower in fluid-saturated samples compare to dry ones, 
though no systematic effect of pore fluid pH was observed. 
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From the mechanical, microstructural and AE data, it was inferred that the 
main mechanism controlling permanent compaction of dry and fluid-saturated 
samples during cyclic loading was microcracking and grain rearrangement. 
During the initial part of loading in all stress-cycles, permanent deformation 
was likely controlled by grain rearrangement, as evidence by stiffening of the 
sample and the lack of AE activity. Unlocking of the aggregate at higher 
stresses was achieved by grain breakage, producing AEs and a reduction in the 
sample stiffness. During the first stress-cycle, it is likely that grain surface flaws 
and cracks were still abundant, with large stress concentrations existing at these 
crack tips. A portion of these cracks could grow subcritically at relatively rapid 
velocities until a critical length was reached and crack growth transitioned to 
critical velocities, resulting in grain failure and, hence, permanent compaction. 
With prolonged stress-cycling, a smaller population of cracks existed in the 
compacted aggregate, giving rise a small amount of permanent strain. In 
addition, elastic strain decreased with each stress-cycle as permanent 
compaction produced a stiffer aggregate. Upon the introduction of fluid to the 
sample, the threshold for crack propagation, as well as the surface energy near 
the crack tip, decreased giving rise to subcritical cracking of a larger population 
of cracks again. This is further aided by   stress corrosion cracking, whereby 
crack growth was aided by Si-O bond hydrolysis and affected by pH-dependent 
interfacial reactions at the crack tip. Stress corrosion cracking allowed for higher 
crack growth velocities than under low-vacuum (dry) conditions, such that 
crack could grow to critical conditions more rapidly, producing more grain 
failure and permanent strain. In addition, it was inferred that the near-neutral 
surface charge of quartz in low-acidic solutions reduced the rate of transport 
and adsorption of corrosive species at the crack tips, while these rates increased 
with increasing solution pH, thereby affecting the rate of crack growth and the 
resulting permanent strain. 

 Compaction creep behaviour of sand aggregates in supercritical fluid 7.1.4

and aqueous solution environments 

Additional uniaxial (oedometer-type) compaction experiments on quartz sand 
aggregates were conducted to investigate the effect of chemical environment on 
compaction creep behaviour at a constant applied effective stress of 35 MPa and 
a temperature of 80°C, representative for reservoirs at 2-4 km depth (Chapter 4). 
In addition to low-vacuum (dry) conditions, the wet environments included 
supercritical fluids (sc; 10 MPa pore pressure), consisting of N2, CO2 and water-
saturated CO2 (wet CO2), and aqueous solutions (atmospheric pressure), 
consisting of distilled water, simple HCl and NaOH solutions of pH 1, 2.4, 4 
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and 9, and more complex aqueous solutions containing dissolved AMP (pH 
2.5), AlCl3 (pH 3.5) and washing detergent (pH 9.4).  

Overall, fluid-saturated samples produced more creep strain and higher strain 
rates than dry samples. Compaction creep was found to depend on water 
content, with strain and strain rates increasing from low-vacuum (dry) 
conditions, to sc N2, sc CO2, wet sc CO2 and to distilled water. Furthermore, in 
the presence of simple aqueous fluids, creep was influenced by pore fluid pH, 
where strain, AE count, strain rate and AE rate were observed to increase from 
an acidic environment, to distilled water, and to an alkaline environment. An 
additional effect of pore fluid chemistry was seen in the tests employing 
complex aqueous solutions, with more strain observed in the presence of added 
solute species, compared to in simple solutions of similar pH. Similar trends 
between strain and water content, and strain and solution pH, were seen in the 
grain size and microstructural analysis, with pervasive microcracking and 
microcrack density increasing with water content and solution pH.  

On the basis of these observations, it was inferred that compaction creep was 
controlled by subcritical crack growth. Crack growth ultimately resulted in 
grain failure followed by serial rearrangement of the grains and grain 
fragments, producing permanent strain. It was inferred that in the presence of a 
chemically active environment, subcritical crack growth occurred by stress 
corrosion cracking, whereby corrosive species, such as water and hydroxyl ions, 
attacked the Si-O bonds at the crack tips and accelerated crack growth rates. For 
the supercritical fluid-saturated environments, it was inferred that increased 
water content, i.e. wet sc CO2 > sc CO2 > sc N2, increased water availability at 
the crack tip. In the presence of distilled water and simple aqueous solutions, 
attraction of the corrosive species to the crack surfaces was controlled by 
solution pH, with acidic environments inhibiting interfacial reactions at the 
crack tip, and hence crack growth and compaction. Saturation with more 
complex aqueous solutions containing additives (AMP, AlCl3 and washing 
detergent) presumably promoted transport to and adsorption of corrosive 
species at the crack tip, such that the acidic additives were less efficient at 
inhibiting crack growth and the alkaline additive was more efficient at 
promoting crack growth than the simple solution with the sample but no 
additive. 
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 The influence of pore fluid chemistry on compaction creep of quartz-7.1.5

cemented sandstone 
The compaction creep behaviour of clean, quartz-cemented Bentheim sandstone 
under zero lateral strain conditions was investigated for a range of chemical 
environments (Chapter 5). The environments were selected on the basis of the 
impact of fluids on loose sand compaction (Chapter 4). The experiments were 
conducted at 80 °C and at an applied effective axial stress of 35, 75 or 100 MPa. 
Control experiments were conducted at low-vacuum (dry) conditions, while 
fluid-saturated conditions included sc N2, sc CO2, wet sc N2 and wet sc CO2 (10 
MPa pore pressure), and aqueous solutions consisting of distilled water, a 3.7 
HCl solution, AMP solution and AlCl3 solution (atmospheric pressure).   

As expected, increasing applied stress and/or sample porosity led to more creep 
strain, higher AE counts, and faster strain rates and AE rates in both dry and 
distilled water-saturated samples. The impact of chemical environment was 
evident with the presence of supercritical fluids leading to less creep strain 
compared to dry samples, independent of fluid phase. By contrast, saturation 
with distilled water and acidic, aqueous solutions resulted in more strain, 
though the acidic solutions induced less creep strain compared to distilled 
water. In all experiments, AE activity showed a linear relation with strain rate. 
This was supported by microstructural analysis, showing a strong increase in 
the number of microcracks in creep deformed samples compared to an 
undeformed sample and a sample that was loaded to the target creep stress and 
directly unloaded, i.e. without being allowed to creep.  

The mechanical, AE and microstructural data suggest that compaction creep of 
Bentheim sandstone under laterally-constrained, uniaxial conditions was 
controlled by the breakage of quartz grains and cemented grain contacts, 
followed by serial rearrangement of grain fragments. More specific, it was 
concluded that compaction creep was controlled by subcritical crack growth 
and in the case of fluid-saturated conditions by stress corrosion cracking. 
Saturation with the supercritical phases likely dried cracks tips, whereas 
saturation with distilled water provided corrosive species (water and hydroxyl 
ions) to attack crack tips, promoting crack growth. The addition of acidic fluids 
reduced the surface charge of the quartz grains, such that interfacial processes 
occurring at the crack tip were slowed down.  

 Comparison compaction creep in sands and sandstones 7.1.6
Though both the compaction creep experiments on sands (Chapter 4) and the 
experiments on sandstones (Chapter 5) employed uniaxial conditions, the 
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applied effective axial stresses were significantly higher in the experiments 
employing sandstones in order to induced measurable amounts of strain. 
Nonetheless, as similar environmental conditions were employed, the effect of 
pore fluid chemistry on creep of sands versus sandstones can at least be 
compared qualitatively. In sands, the supercritical fluids enhanced compaction 
creep compared to low-vacuum (dry) conditions and each fluid had a distinctly 
different effect, which was inferred to be related to the water content in the 
fluid. Contrary, in sandstones, the supercritical phases also inhibited 
compaction creep compared to dry conditions, but no distinction in the amount 
of creep was observed between the different phases. It was inferred that in the 
sandstone experiments, water may have been present as an adsorbed phase on 
clay mineral or detrital grain surfaces, which could provide water to the crack 
tips, facilitating subcritical crack growth. While under a low-vacuum this 
adsorbed water most likely would not have been removed, the supercritical 
phases could have actively dried the crack tips, as they can take up free and 
adsorbed water. In the sand aggregates, which are free of clay, it is less likely 
that remnant water would be available to enhance crack growth, hence 
displaying a stronger correlation between water content and creep behaviour.  

A similar effect of saturation with distilled water and acidic solutions was 
observed on the compaction behaviour of loose sand and sandstone. Saturation 
with distilled water led to significantly more creep compared to dry conditions, 
with the strain measured in the distilled water-saturated samples being almost 
five and two times larger, for loose sand and sandstone, respectively. Similarly, 
for sand and sandstone, strain rates were approximately 3.5 and 0.5 order of 
magnitude faster in distilled water compared to a dry environment, 
respectively. In terms of solution pH, acidic solutions inhibited compaction 
creep in both sand and sandstone compared to distilled water, with strains 
amounting to approximately 80% and 60% of the strain measured in distilled 
water for loose sand and sandstone, respectively. However, for both sand and 
sandstone strain rates reduced by approximately half an order of magnitude 
when saturated with an acidic solution compared to distilled water. Though the 
loose sand and sandstone data cannot be compared directly, this qualitative 
comparison suggests that the influence of chemical environment on creep 
behaviour in sandstone is similar but less pronounced than in loose sand 
aggregates, which is most likely due to the presence of cemented contacts 
limiting fluid access to the crack tip and reducing the crack tip stress.  
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 Risk management workflow for a subsurface fluid injection project 7.1.7

To identify synergies between risk assessment and rock deformation 
experiments, a general risk management workflow was outlined in relation to a 
subsurface fluid injection operation (Chapter 6). Risk management is typically 
an iterative process, consisting of the following four actions: 1) formulate 
problem, 2) asses risks, 3) appraise options, and 4) address risks. Over the life-
cycle of a subsurface fluid injection project, the risk management process in 
continuously applied and multiple risk assessments should be conducted, 
calling upon the input of experts/researchers throughout. As the risks may 
affect the geosphere, hydrosphere, biosphere and/or atmosphere, experts from 
all of these disciplines are needed to assess the risks associated with fluid 
injection. In addition to these experts, there will be other stakeholders, such as 
the operator, risk modellers, service companies, regulators, non-governmental 
organisations (NGO’s) and local community, who’s input is need to assess the 
technical feasibility, create public support, make policy, assess the economic 
feasibility, and determine the safety of the project. Together, these risk factors 
determine the overall risk of the project and, for example, the geological and 
environmental risks addressed in Chapter 2 influence the technical feasibility 
and safety of the project.  

During the initial phases of the project (i.e. site selection and operation), the 
conducted risk assessment will have a low level of detail and there will likely be 
a large uncertainty in site specific parameters, hazard causes, pathways of 
hazard spreading and the potential hazard receptors in the area. Input from 
experts/researchers via expert elicitation may be used to determine risks, i.e. the 
potential impact of a hazard and the probability of occurring. At this stage, the 
overall project risk will be low as no injection occurs yet, though there will be a 
financial risk. As the project progresses through the subsequent phases (i.e. site 
characterisation, development and operation), the uncertainty will reduce as 
more site specific information becomes available. Research may be initiated to 
investigate hazard causes, like the experimental work reported in Chapters 3 to 
5 on the effect of fluid injection on reservoir deformation. Other research should 
investigate the pathways of hazards spreading and the impact on receptors. 
During the operation phase, as the risks of leakage and induced seismicity 
become a true possibility, the overall project risk sharply increases. With time, 
when monitoring and verification show that the injected fluid remains in the 
storage container and other risks do not occur, the project risk decreases again. 
Once injection is completed, the site is closed and transitions into the post-
closure phase.  
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During each phase of the project, there should be communication between the 
different stakeholders. The local site community, for example, needs to be 
timely informed on the planned injection operation, as well as on the basic 
principles and potential risks. In addition, close collaboration between the 
different experts involved in the project will facilitate the direct integration of 
research results into risk modelling.  

7.2 Implications for subsurface fluid injection into porous 

sandstone reservoirs 

Both the risk assessment and experimental results reported in this thesis have 
important implications for subsurface reservoir injection operations. The 
chapters addressing the experimental aspects of this thesis (Chapters 3 to 5) 
have shown that compaction behaviour of quartz-rich sand and sandstone can 
be influenced by adjusting the pore fluid chemistry, with similar effects being 
expected for clean, porous sandstone reservoirs. However, fluid injection is not 
without risk (Chapter 2), and while the risk of reservoir deformation may be 
reduced by fluid injection, injection will affect other risks, such as fluid leakage 
out of the reservoir or induced seismicity. The overall risk of the project as a 
whole, therefore, needs to be weighted in order to determine whether fluid 
injection is a safe strategy (Chapter 6). Here, the implications for injection 
related to i) mitigating production-induced reservoir compaction, ii) long-term 
CO2 storage, iii) seasonal energy storage, iv) geothermal energy, and v) 
wastewater disposal are discussed. In addition, it is discussed how these 
implications can be further substantiated.   

Though the compaction experiments performed on sand and sandstone were 
performed at stress and temperature conditions similar to those for depleted 
gas reservoirs up to 5 km depth, the state of stress in reservoirs will likely 
remain below the grain crushing threshold, even after substantial depletion. 
This suggests that the grain-scale mechanisms observed in the experiments 
reported here may also operate in situ when stress conditions are perturbed to 
provide a drive for compaction creep. The compaction creep experiments on 
sand and sandstones suggest that fluid injection into depleted, small volume, 
quartz-rich hydrocarbon reservoirs may be a suitable mitigation strategy for 
reducing long-term reservoir compaction (Chapters 4 and 5). On the one hand, 
injection of pressurised fluids will reduce the driving force for reservoir 
compaction by lowering the effective stress acting on the reservoir rock. On the 
other hand, the injection of fluid can induce a chemical effect. Two creep-
inhibiting environments were identified in particular for pure quartz sand and 



Chapter 7 

202 
 

quartz-cemented sandstone (Chapters 4 and 5). Firstly, supercritical phases, 
devoid of water or containing trace amounts of water, will tend to desiccate 
crack tips when the original water content is low, thereby reducing reservoir 
compaction creep rates by subcritical crack growth (Chapters 4 and 5). 
Secondly, injection of (low pressure) acidic fluids likely will decelerate 
compaction creep rates, by reducing subcritical crack growth rates (Chapters 4 
and 5).  

As we go through the energy transition, moving away from high-carbon energy 
sources to low- or zero-carbon alternatives, porous subsurface reservoirs, such 
as depleted small volume hydrocarbon reservoirs, are envisioned as potential 
systems for permanently storing CO2 to mitigate climate change (IPCC, 2005). The 
effect of CO2 injection on the long-term mechanical behaviour of sand 
aggregates and sandstone was studied in Chapters 4 and 5. For quartz-rich, 
depleted hydrocarbon reservoirs, the results suggest that CO2 injection will 
reduce compaction rates and mitigate reservoir compaction. Injection of large 
volumes of high-pressure CO2 will thus inhibit long-term compaction creep, in 
addition to contributing to reducing the global emissions of anthropogenic CO2 
and aiding in the mitigation of climate change. 

In addition, in the transition to a more sustainable energy system, depleted 
small volume hydrocarbon reservoirs are targeted for the temporary storage of 
renewable energy converted into synthetic fuels, compressed air and hydrogen 
fuel (Budt et al., 2016; Graves et al., 2011; Mahlia et al., 2014). The potential 
impact of seasonal energy storage on the mechanical behaviour of the reservoir 
is twofold. Firstly, the injection and production cycles will lead to pore pressure 
fluctuations over time, at a rate controlled by the injection-production cycle 
time, which will induce changes in the stress and temperature field within and 
surrounding the reservoir, as well as the wellbore area. Based on the stress-
cycling experiments presented in Chapter 3, it is inferred that the largest effects 
of stress-cycling on reservoir compaction may be expected in the first injection 
and production cycles. Secondly, chemical-disequilibrium between the injected 
fluid and the reservoir may affect the mechanical behaviour of the reservoir. 
Most of the fluids considered for injection will be devoid of water or contain 
trace amounts of water, meaning that the experiments employing dry 
conditions (i.e. similar to injection of compressed air, hydrogen or gas; Chapters 
3 to 5), non-aqueous fluid (n-decane, similar to synthetic fuel injection; Chapter 
3) or dry and wet supercritical phases (i.e. similar to injection of compressed air, 
hydrogen or gas; Chapters 4 and 5) may be regarded as representative of this 
injection scenario. The observations for these chemical environments suggest 
that, in case of injection into quartz-rich reservoirs, these fluids would inhibit 
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crack growth and hence reservoir compaction. Particularly the supercritical 
fluids may actively dry the reservoir, limiting subcritical crack growth and 
reservoir deformation. 

Another core element of the energy transition is the upscaling of geothermal 

energy for the renewable heat and electricity generation (Ellabban et al., 2014; 
Limberger et al., 2018). Geothermal energy production involves the injection of 
cold fluids, which will be in chemical-disequilibrium with the receiving 
reservoir rock and often contain anti-scaling additives, such as AMP, or be 
acidic in nature (Finster et al., 2015; Knepper, 2003), thereby enhancing any 
disequilibrium effects. Though during geothermal energy production, the 
injected and produced fluids are approximately balanced to maintain the 
reservoir pore pressure around a constant level, injection of the cold fluid will 
lead to small stress changes in and around the reservoir. Upon injection, the 
fluid will cool the reservoir, resulting in contraction of the reservoir rock and a 
decrease in the lateral stresses (Segall and Fitzgerald, 1998). This will lead to an 
increase in the differential stress acting on the reservoir rock, which could 
provide a driving force for stress corrosion cracking, in addition to the effect the 
change in chemical environment may have on crack growth. Regarding the 
effect of chemical environment, the experiments on sand aggregates and 
sandstones showed that stress corrosion cracking was inhibited in acidic 
solutions, including solutions containing AMP compared to distilled water 
(Chapters 3 to 5). This suggests that the injection of fluids typically related to 
geothermal production into clean, quartz-rich sand and sandstone reservoirs, 
with an activated drive for crack growth, will inhibit compaction creep.  

During the energy transition, natural gas is commonly assumed to play an 
important interim-role, due to its low carbon intensity. However, the 
production of gas, both conventional and unconventional, is known to produce 
large amount of wastewater, which are typically injected in nearby formations 
for enhanced oil recovery (EOR) or for permanent disposal (Rubinstein and 
Mahani, 2015). The results presented in Chapters 3 and 4 show that alkaline 
environments (NaOH and washing detergent solutions, which are 
representative for alkaline wastewater) enhance microcracking and/or stress-
enhanced dissolution of grains in quartz aggregates. Though the long-term 
impact of alkaline fluids on sandstone behaviour was not investigated, it is 
expected that the injection of alkaline wastewater can have a severe impact on 
the mechanical reservoir behaviour, i.e. accelerate compaction rates, when 
injected in a quartz-rich reservoir. 
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The above considerations show that the experimental results collected in 
Chapters 3 to 5 provide a qualitative insight into the potential effects of injected 
fluids at the reservoir-scale. For quartz-rich reservoirs, creep-inhibiting and 
creep-promoting environments have been identified, but quantification of the 
fluid-effects at the reservoir-scale is impossible based on the present results. To 
quantify the effects at the large-scale and the concomitant risks of leakage and 
induced seismicity (Chapter 2), the effect of fluid injection need to be modelled 
using a chemically coupled geomechanical reservoir model (Chapter 6).  

7.3 Suggestions for future research 

The work presented in this thesis has investigated the effect of chemical 
environment on the compaction of quartz-rich reservoir sand and sandstone 
and addressed the geological and environmental risks related to subsurface 
fluid injection. While new experimental data at in situ conditions and insight 
into risk assessment approaches have been obtained, unresolved problems 
remain and new questions arose. These are outlined in the following. 

 Effects of pore fluid chemistry on impure sandstones 7.3.1
The compaction experiments reported in Chapters 3 to 5 were conducted on 
samples of pure quartz sand and relatively pure Bentheim sandstone (95% 
quartz). The observed effects of pore fluid chemistry were similar for loose sand 
and porous sandstone, though less pronounced in sandstone. However, many 
hydrocarbon reservoir sandstones will contain other minerals, such as feldspars 
and plagioclases, carbonate (cements) and grain-coating or pore-filling clay. 
Stress corrosion cracking in feldspar and carbonate grains has a different 
dependence on pore fluid pH than quartz, due to the markedly different pHPZC, 
related to the presence of other molecular bonds, such as Al-O and Ca-O 
(Kosmulski, 2018; Parks, 1965; Sverjensky, 1994). Furthermore, other 
deformation mechanisms may play a role, such as mass transfer processes, 
which are controlled by mineral solubility and dissolution-precipitation rates 
(Dewers and Hajash, 1995; Rutter, 1983; Spiers et al., 2004). Moreover, in the 
case intergranular clays are present, they may accommodate deformation by 
compaction and/or desorption-controlled dewatering during depletion (Al-
Mukhtar et al., 1999; Vasseur et al., 1995; Zhang et al., 2018). The effect of pore 
fluid chemistry on these processes and their relative contribution to compaction 
needs to be understood, in order to make inferences about the potential of fluid 
injection to mitigate compaction in sand and sandstone reservoirs. This could 
be investigated by conducting similar stress-cycling and compaction creep 
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experiments as those reported in Chapter 3 to 5, but using either analogue 
material, consisting of a mixture of quartz, feldspar, plagioclase, carbonates and 
clay in various ratios, or a suite of sandstones of different mineralogy and 
systematically testing the effect of pore fluid chemistry. 

 Effects of other fluids on sand and sandstone compaction 7.3.2
The experiments presented in this thesis considered the effect of water content, 
solution pH and added solute species on sand and sandstone compaction. 
However, other fluids are being injected or considered for injection into 
depleted reservoirs, such as hydrogen and synthetic fuel, and their effect on the 
mechanical behaviour of reservoir rock remains unexplored. Hydrogen, being 
an efficient energy carrier, is considered to be injected into depleted 
hydrocarbon reservoirs to temporary store the energy produced from 
intermittent energy sources, such as wind and solar (Pfeiffer et al., 2017). 
Though it has been shown that regarding dissolution of minerals in sandstone 
hydrogen can be considered as inert (Yekta et al., 2018), it is unknown whether 
this also holds true for its effect on subcritical crack growth. Given the strong 
similarities between dissolution and crack growth, i.e. both involve the 
breakage of Si-O bonds (Dove, 1995), it may be expected that hydrogen will not 
directly affect crack growth rates. The effects of hydrogen will likely be related 
to the water content of the injected fluid, or by the drying capacity of the fluid, 
similar to the observations made in the presence of supercritical CO2 and N2 
(Chapters 4 and 5).  

In addition, the effect of wastewater, in the present work represented by a 
highly alkaline NaOH solution or a fluid containing washing detergent, on 
compaction creep in sand was explored (Chapter 4). However, the specific 
characteristics of wastewater depend on the source, meaning that other added 
solute species may be present in solution as well, which possibly have a 
different (unknown) interaction with the grain surfaces and effect on creep 
rates. Large quantities of wastewater are typically generated during the 
production of convention and unconventional hydrocarbons or during salt 
mining, and are reinjected into the same or nearby formations (Rubinstein and 
Mahani, 2015). With long-term storage in mind, wastewater and sample 
material from the targeted storage formation could be collected for a site 
specific study, similar to the compaction creep experiments described in 
Chapters 4 and 5.  

In the case of fluid injection into a depleted hydrocarbon reservoir, some pores 
and grains in the reservoir may be coated by residual hydrocarbons, such as 
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crude oil. Depending on the type of injected fluid, the fluid and hydrocarbons 
may mix, thereby altering the viscosity and wettability of the hydrocarbon, such 
as is the case for CO2 in enhanced oil recovery operations (Thomas, 2008). 
However, if the oil-coatings remain, the oil may prevent the injected fluid from 
interacting with the grain surfaces and cracks tips (Worden et al., 1998). 
Consequently, the intended effect on crack growth rates may not occur, such 
that reservoir compaction rates are not altered. This would negate the effect of 
any fluid injected with the intent to alter the chemical environment to influence 
the compaction behaviour. The occurrence of this possible effect may be 
investigated by conducting similar compaction experiments as described in 
Chapters 3 to 5, but using samples that are pre-treated with oil, such that the 
grains are coated.  

 Effects of pore fluid chemistry on other storage complex components 7.3.3

The effect of pore fluid chemistry on reservoir sands and sandstone has been 
investigated in Chapters 3 to 5. However, as reported in Chapter 2, fluid 
injection into a depleted hydrocarbon reservoir may also affect other 
components of the storage complex, such as faults, caprock and well bores. To 
ensure that fluid injection does not lead to unwanted effects in these 
components, the long-term interaction between the fluid considered for 
injection and the storage components need to be investigated at in situ 
conditions. Regarding the effect of pore fluid chemistry on fault stability, direct 
or ring shear experiments could be conducted using gouge material 
representative of the rock formations present in and above the storage complex 
at representative in situ conditions (Bakker et al., 2019; Hunfeld et al., 2017; 
Pluymakers et al., 2016). In addition, the dissolution rates of the caprock in 
contact with injected fluids could be explored using batch reaction experiments 
(Credoz et al., 2011; Liu et al., 2012). Moreover, failure tests on caprock sample 
saturated with specific fluids could be conducted to determine possible changes 
in strength caused by fluid-rock interactions (Hangx et al., 2010b; Liang et al., 
2007). Furthermore, degradation of the injection well and well bore cement 
through reaction with the injected fluid should be avoided during both injection 
and after abandonment. The mechanical properties of the casing and cement 
before and after batch reaction with the fluid could be investigated using 
triaxial testing (Fabbri et al., 2009; Wolterbeek et al., 2016a). Additionally, 
transport properties of the cement after and/or during fluid reaction may be 
explored by conducting flow-through experiments (Carey et al., 2010; 
Wolterbeek et al., 2016b).  
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 Incorporate experimental results into a reservoir model for field 7.3.4

application 
In order to strengthen risk assessment with findings from experiments, the 
experimental results require upscaling and incorporation into reservoir models, 
such that risk can be accurately assessed (Chapters 2 and 6). In case of the 
current experiments, the effect of pore fluid chemistry at the scale of the 
reservoir and at timescales relevant for injection and storage can potentially be 
understood and described by using a constitutive model relevant for typical in 
situ stress, temperature and chemical conditions, preferably using a minimum 
of input parameters. The effect of pore fluid chemistry could, for example, be 
integrated in crack growth models or compaction models (e.g. Jin & Arson, 
2017; Lu et al., 2014; Nguyen et al., 2001) by adding a term that reflects the 
water concentration or fluid pH. Independent experiments will then be 
necessary to validate the model at different applied stresses, temperatures 
and/or chemical environments. Another challenge is to incorporate the time-
dependence of fluid effects on compaction. Though fluids appear to produce 
the largest strain during the initial stress-cycles (Chapter 3) or during the first 
few hours of creep (Chapters 4 and 5), cracks continue to grow subcritically for 
the duration of the experiment, thereby producing permanent deformation. 
Currently, it is unclear if and when crack growth becomes too slow to produce 
a significant amount of strain, or if creep is taken over by another process, such 
as mass transfer. Additionally, it was found that one hazard may trigger the 
occurrence of another hazard (Chapter 2), such as reservoir compaction driving 
induced seismicity. In order to assess the cumulative risk of multi-hazard 
occurrences, a geomechanical reservoir model, or a combination of models, is 
needed that link the pathways of hazard occurrence and consequences.  

 Conducting same risk assessments for fluids considered for short- or 7.3.5

long-term subsurface injection and storage 

When subsurface fluid injection is considered for mitigating reservoir 
compaction, or for short- or long-term storage, its impact on the reservoir needs 
to be understood and quantified, as well as the risks of leakage and induced 
seismicity and other risks related to the technological, public, policy, economic 
and safety aspects of the project (Chapters 2 and 6). Only then the overall risk of 
fluid injection project can be assessed. It would be constructive to conduct the 
same risk assessments, covering all risk factors, for a selection of fluids injected 
or considered for injection, such as high-pressure CO2 or (low-pressure) acidic 
fluids (e.g. fluids containing AMP or AlCl3). By conducting the same 
assessments for different fluids, insight would be gained into whether the risk 
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of an injection project is mainly determined by the type of fluid injected or the 
injection operation itself.    
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