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SUMMARY

Near-borehole coupled thermo-hydro-mechanical (THM) processes are critical in de-
fining the success or failure of geothermal projects. Injectivity decline due to clogging
or the increased viscosity of cold water reduces the safe operational window of geo-
thermal projects. However, near-borehole fracturing, a result of near-borehole coupled
thermo-hydro-mechanical (THM) processes, is thought to possibly be able to contribute
to maintaining or improving the re-injection performance. Understanding and being able
to simulate the fracturing processes is therefore of great significance for both analysing
re-injection and designing stimulation operations. This thesis presents a geo-mechanical
tool, based on the finite element method and cohesive zone model, to simulate the frac-
ture initiation and propagation under THM loadings. The geo-mechanical tool is used to
study several stimulation scenarios, including monotonic, stepwise, cyclic, and stepwise
combined with cyclic stimulation. To monitor such stimulation processes, this thesis
proposes a dual-cable distributed acoustic sensing (DAS) system in a single vertical well
and investigates its feasibility to localise and understand near-borehole cracking events.

In the numerical method, possible discontinuities are represented by zero-thickness
triple-nodded interface elements, which allow solid elements to separate with mecha-
nical damage and the simulation of longitudinal and transversal fluid/heat flow in the
discontinuity. The cubic law is used to simulate the fracture transmissivity changes, while
an elasto-damage law is used to characterise the mechanical response of the discontinuity.
To simulate the fracture initiation and propagation from high-permeability intact rock,
interface elements are inserted in-between all the solid elements, with high stiffness and
transversal hydraulic coefficient assigned to reduce artificial compliance. An artificial
heat conductivity is introduced to stabilise the numerical solution, in which high Pé-
clet numbers lead to numerical divergence. Substantial verifications and validation are
implemented to demonstrate the performance of the developed method.

A new elasto-damage law is developed by incorporating a fatigue damage variable
into the tensile branch, in order to account for the fatigue effects during the simulation
of cyclic (thermal) stimulation to geothermal reservoirs. The fatigue damage variable is
calibrated using the number of loading cycles and fatigue life at different load intensities,
with Palmgren-Miner’s rule used to account for varying-amplitude cyclic loading. The
proposed model is validated against extensive laboratory tests, including cyclic Brazilian
test, cyclic hydraulic fracturing test and cyclic thermo-hydraulic fracturing test. The
validation results show good agreement with the experimental data, demonstrating that
the proposed model is capable of handling fatigue damage under cyclic and coupled
THM loadings.

The developed tool is then used to study stimulation to a synthetic sedimentary
reservoir, which, according to regional experience, is assumed to be clogged in the near-
borehole region. THM simulations of various stimulation strategies - monotonic, stepwise,
cyclic, and stepwise combined with cyclic - demonstrate that the stepwise stimulation

xi



xii SUMMARY

yields the most favourable outcomes. Specifically, it enables a significantly lower peak
injection pressure with more near-borehole damage. This performance is not achievable
using either monotonic or cyclic strategies (assuming same Qinj and Tinj). Conversely,
cyclic-injection-rate stimulation slightly underperforms (under high injection rate) or
slightly outperforms (under low injection rate) the monotonic stimulation. A combined
approach incorporating both cyclic and stepwise strategies may lead to slightly better
stimulation performance, showing lower peak pressure, compared to corresponding
monotnic stimulation, but is inferior to the stepwise stimulation alone.

The feasibility of using a single-well dual-cable DAS to fully localise and understand
the near-borehole micro-seismic events is investigated based on synthetic signals, assu-
ming homogenous and isotropic media. A localisation method is introduced to determine
the source depth, epicentral distance and azimuth. Sensitivity analysis shows that the
localisation accuracy is not sensitive to source with frequency varying from 50 Hz to 200
Hz. But a low signal-to-noise ratio and/or source-to-receiver azimuth close to 0◦ can lead
to decreasing accuracy. Moreover, resolvability analysis suggest that non double-couple
moment tensor components Mxx, Myy and Mzz can be reliably resolved with an epicentral
distance within 20 meters, showing improvement on the case of only one cable in a well.
A discussion based on the geo-mechanical simulation demonstrates that the single-well
dual-cable DAS can be used to understand near-borehole tensile fractures induced during
thermal stimulation, with a limited epicentral distance, which implies it is well suited to
monitoring stimulation operations.

This thesis contributes to the energy transition by developing a geo-mechanical
model to simulate cyclic and coupled THM processes, including the development of
fractures, around the near field of the wellbore which can allow the design of novel cyclic
thermal stimulation and by proposing a single-well dual-cable DAS configuration that
is demonstrated to be feasible to localise and understand near-borehole micro-seismic
events to monitor thermal stimulation operations.



SAMENVATTING

Gekoppelde thermo-hydro-mechanische (THM) processen in het gebied rondom het
boorgat zijn van cruciaal belang voor het succes of falen van geothermische projecten.
Een afname van de injectiviteit, bijvoorbeeld als gevolg van verstopping of de verhoogde
viscositeit van koud injectiewater, verkleint het veilige operationele venster van geo-
thermische systemen. Daarentegen wordt verondersteld dat breukvorming rondom het
boorgat, als gevolg van gekoppelde THM-processen, kan bijdragen aan het behouden of
zelfs verbeteren van de herinjectieprestaties. Het begrijpen en numeriek kunnen simu-
leren van deze breukprocessen is daarom van groot belang, zowel voor de analyse van
herinjectiegedrag als voor het ontwerp van stimulatie-operaties.

Dit proefschrift presenteert een geomechanisch instrument, gebaseerd op de eindige-
elementenmethode en het cohesieve-zone-model, waarmee de vorming en voortplanting
van breuken onder gekoppelde THM-belastingen kunnen worden gesimuleerd. Het
instrument wordt toegepast om verschillende stimulatiescenario’s te onderzoeken, waar-
onder monotone, stapsgewijze, cyclische en stapsgewijs gecombineerde cyclische stimu-
latie. Ter monitoring van dergelijke stimulatieprocessen wordt een dual-cable Distribu-
ted Acoustic Sensing (DAS)-systeem in een verticaal boorgat voorgesteld, en wordt de
haalbaarheid onderzocht om breukgerelateerde gebeurtenissen rondom het boorgat te
lokaliseren en te beoordelen.

In het numerieke model worden potentiële breuken gerepresenteerd door nul-dikte
interface-elementen met drie knooppunten. Deze benadering stelt ons ertoe in staat
om mechanische schade aan het grondcontinuüm te simuleren, terwijl stroming van
vloeistof en warmte langs de ontstane breuk doorlopend wordt gemodelleerd. De kubus-
wet wordt toegepast om veranderingen in breukdoorlaatbaarheid te beschrijven, terwijl
het mechanische gedrag van de breuk wordt gekarakteriseerd met een elastische scha-
dewet. Om breukvorming en -voortplanting in intacte, sterk doorlatende gesteenten te
simuleren, worden interface-elementen geplaatst tussen alle solide elementen, waar-
aan een hoge stijfheid en transversale hydraulische coëfficiënt worden toegekend om
numerieke compliantie te beperken. Daarnaast wordt een effectieve warmtegeleidings-
coëfficiënt geïntroduceerd om de numerieke oplossing te stabiliseren, aangezien hoge
Péclet-getallen anders tot numerieke divergentie kunnen leiden. Uitgebreide verificatie-
en validatiestudies tonen de prestaties van de ontwikkelde methode aan.

Om vermoeiingseffecten tijdens cyclische, al dan niet thermische, stimulatie van
geothermische reservoirs te beschrijven, is een vermoeiingsschadevariabele opgenomen
ter beschrijving van het grondgedrag onder trekbelasting in het numerieke model. Deze
vermoeiingsschadevariabele wordt gekalibreerd op basis van het aantal belastingscycli
en de vermoeiingslevensduur bij verschillende belastingniveaus, waarbij de regel van
Palmgren–Miner wordt toegepast om het effect van cyclische belastingen met varië-
rende amplitudes in rekening te brengen. Het voorgestelde model is gevalideerd aan de
hand van uitgebreide laboratoriumproeven, waaronder de cyclische Braziliaanse test,
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de cyclische hydraulische breuktest en de cyclische thermo-hydraulische breuktest. De
validatieresultaten tonen een goede overeenstemming met experimentele gegevens en
laten zien dat het model in staat is vermoeiingsschade onder cyclische en gekoppelde
THM-belastingen adequaat te beschrijven.

Het beschreven numerieke model wordt vervolgens gebruikt om de stimulatie van een
synthetisch sedimentair reservoir te simuleren waarvan, op basis van regionale ervaring,
wordt aangenomen dat het gebied rondom het boorgat is verstopt. De THM-simulaties
worden uitgevoerd met verschillende stimulatiestrategieën, waaronder monotone, staps-
gewijze en cyclische strategieën, evenals een combinatie van stapsgewijze en cyclische
stimulatie. Deze laten zien dat stapsgewijze stimulatie de meest gunstige resultaten ople-
vert. Deze strategie maakt een aanzienlijk lagere piekinjectiedruk mogelijk, in combinatie
met meer schade rondom het boorgat. Dit prestatieniveau kan niet worden bereikt met
uitsluitend monotone of cyclische strategieën bij een gelijk injectiedebiet en -temperatuur.
Cyclisch variërende injectiestrategieën presteren daarentegen iets slechter bij hoge injec-
tiesnelheden of juist iets beter bij lage injectiesnelheden dan monotone stimulatie. Een
benadering waarin zowel cyclisch als stapsgewijs wordt gestimuleerd kan leiden tot een
lichte prestatieverbetering ten opzichte van monotone stimulatie, maar blijft inferieur
aan uitsluitend stapsgewijze stimulatie.

De haalbaarheid van het gebruik van een dual-cable DAS-systeem in één enkele
put om microseismische gebeurtenissen nabij de boorput volledig te lokaliseren en te
karakteriseren, wordt onderzocht op basis van synthetische signalen, uitgaande van een
homogeen en isotroop medium. Een lokalisatiemethode wordt geïntroduceerd om de
brondiepte, de epicentrale afstand en het azimut te bepalen. Gevoeligheidsanalyse toont
aan dat de lokalisatienauwkeurigheid niet gevoelig is voor de bronfrequentie in het bereik
van 50 Hz tot 200 Hz. Een lage signaal-ruisverhouding en/of een bron-ontvangerazimut
dicht bij 0◦ kan echter leiden tot een afnemende nauwkeurigheid. Bovendien suggereert
de resolvabiliteitsanalyse dat niet–double-couple momenttensorcomponenten Mxx, Myy

en Mzz betrouwbaar kunnen worden bepaald voor een epicentrale afstand kleiner dan
20 meter, wat een verbetering betekent ten opzichte van het geval met slechts één kabel
in de put. Een discussie op basis van geomechanische simulaties toont aan dat een single-
well dual-cable DAS kan worden gebruikt om trekbreuken nabij de boorput te analyseren
die worden geïnduceerd tijdens thermische stimulatie, binnen een beperkte epicentrale
afstand, wat impliceert dat deze configuratie bijzonder geschikt is voor het monitoren
van stimulatie-operaties.

Samenvattend levert dit proefschrift een bijdrage aan de energietransitie door de ont-
wikkeling van een geomechanisch model dat cyclische en gekoppelde THM-processen
rondom het boorgat simuleert, inclusief breukvorming. Hierdoor kunnen mogelijk
nieuwe cyclische thermische stimulatiestrategieën worden ontwikkeld. Daarnaast wordt
een single-borehole, dual-cable DAS-configuratie voorgesteld en wordt via een haalbaar-
heidsstudie aangetoond dat deze kan worden ingezet om microseismische gebeurtenissen
rondom het boorgat te lokaliseren en te begrijpen. Daarmee heeft deze methode de po-
tentie om waardevolle ondersteuning te bieden bij het monitoren en optimaliseren van
thermische stimulatie-operaties.



ZUSAMMENFASSUNG

Nahe-Bohrloch gekoppelte thermo-hydro-mechanische (THM) Prozesse sind entschei-
dend für den Erfolg oder Misserfolg geothermischer Projekte. Ein Rückgang der Injektivi-
tät infolge von Verstopfung oder der erhöhten Viskosität von kaltem Wasser verringert das
sichere Betriebsfenster geothermischer Projekte. Demgegenüber wird angenommen, dass
Frakturierung im Nahbereich des Bohrlochs, als Folge von gekoppelten THM-Prozessen,
möglicherweise dazu beitragen kann, die Re-Injektionsleistung aufrechtzuerhalten oder
zu verbessern. Das Verständnis und die Simulation solcher Frakturierungsprozesse sind
daher von großer Bedeutung – sowohl für die Analyse der Re-Injektion als auch für die Pla-
nung von Stimulationsmaßnahmen. Diese Dissertation stellt ein geomechanisches Werk-
zeug vor, das auf der Finite-Elemente-Methode und dem Cohesive-Zone-Modell basiert,
um die Initiierung und Ausbreitung von Rissen unter THM-Belastungen zu simulieren.
Das geomechanische Werkzeug wird eingesetzt, um verschiedene Stimulationsszenarien
zu untersuchen, darunter monotone, schrittweise, zyklische sowie schrittweise-zyklisch
kombinierte Stimulation. Zur Überwachung solcher Stimulationsprozesse schlägt diese
Dissertation ein Doppelkabel-basiertes Distributed Acoustic Sensing (DAS)-System in ei-
nem vertikalen Bohrloch vor und untersucht dessen Eignung, um Rissbildungsereignisse
im Nahbereich des Bohrlochs zu lokalisieren und zu verstehen.

In der numerischen Methode werden mögliche Diskontinuitäten durch null-dicke
dreiknotige Interface-Elemente dargestellt. Diese erlauben die Trennung von Festkör-
perelementen mit mechanischer Schädigung sowie die Simulation von longitudinalem
und transversalem Wärme- und Flüssigkeitstransport durch die Diskontinuität. Das
Kubikgesetz wird zur Modellierung der Rissdurchlässigkeit verwendet, während ein
elasto-schadensmechanisches Gesetz das mechanische Verhalten der Diskontinuität
beschreibt. Um Rissbildung in hochpermeablen intakten Gesteinen zu simulieren, wer-
den Interface-Elemente zwischen alle Festkörperelemente eingefügt. Diese erhalten eine
hohe Steifigkeit und einen hohen transversalen hydraulischen Leitwert, um künstliche
Nachgiebigkeit zu vermeiden. Eine künstliche Wärmeleitfähigkeit wird eingeführt, um
die numerische Lösung zu stabilisieren, da hohe Péclet-Zahlen zu numerischer Divergenz
führen können. Umfangreiche Verifikations- und Validierungsmaßnahmen zeigen die
Leistungsfähigkeit der entwickelten Methode.

Ein neues elastizitäts-schädigungsgesetz wurde entwickelt, indem eine Ermüdungs-
schädigungsvariable in den Zugzweig integriert wurde, um die Ermüdungseffekte wäh-
rend der Simulation der zyklischen (thermischen) Stimulation geothermischer Reservoire
zu berücksichtigen. Die Ermüdungsschädigungsvariable wird anhand der Anzahl von
Belastungszyklen und der Ermüdungslebensdauer bei unterschiedlichen Belastungsin-
tensitäten kalibriert, wobei die Palmgren-Miner-Regel angewendet wird, um zyklische
Belastungen mit variierender Amplitude zu erfassen. Das vorgeschlagene Modell wird an-
hand umfangreicher Laborversuche validiert, darunter der zyklische Brasilianische Test,
der zyklische hydraulische Bruchtest und der zyklische thermo-hydraulische Bruchtest.

xv



xvi ZUSAMMENFASSUNG

Die Validierungsergebnisse zeigen eine gute Übereinstimmung mit den experimentellen
Daten und belegen, dass das vorgeschlagene Modell in der Lage ist, Ermüdungsschädi-
gungen unter zyklischen und gekoppelten THM-Belastungen zu beschreiben.

Das entwickelte Werkzeug wird anschließend eingesetzt, um die Stimulation eines
synthetischen Sedimentreservoirs zu untersuchen, das – basierend auf regionalen Erfah-
rungen – als im nahen Bohrlochbereich verstopft angenommen wird. THM-Simulationen
verschiedener Stimulationsstrategien – monoton, schrittweise, zyklisch sowie schrittweise
in Kombination mit zyklisch – zeigen, dass die schrittweise Stimulation die günstigsten
Ergebnisse liefert. Insbesondere ermöglicht sie einen deutlich niedrigeren Spitzenin-
jektionsdruck bei gleichzeitig stärkerer Schädigung im nahen Bohrlochbereich. Dieses
Leistungsniveau kann mit ausschließlich monotonen oder zyklischen Strategien (bei
gleichen Werten von Qinj und Tinj) nicht erreicht werden. Im Gegensatz dazu schneidet
die zyklische Injektionsratenstimulation etwas schlechter ab (bei hoher Injektionsrate)
oder geringfügig besser (bei niedriger Injektionsrate) als die monotone Stimulation. Ein
kombinierter Ansatz, der sowohl zyklische als auch schrittweise Strategien einbezieht,
kann zu einer leicht verbesserten Stimulationsleistung führen – charakterisiert durch
einen niedrigeren Spitzendruck im Vergleich zur entsprechenden monotonen Stimulation
– bleibt jedoch der ausschließlich schrittweisen Stimulation unterlegen.

Die Machbarkeit des Einsatzes eines Dual-Kabel-DAS-Systems in einem Einzelbohr-
loch zur vollständigen Lokalisierung und Analyse mikro-seismischer Ereignisse im Nah-
bereich wird anhand synthetischer Signale untersucht, unter der Annahme eines ho-
mogenen und isotropen Mediums. Eine Lokalisierungsmethode wird vorgestellt, um
Quelltiefe, Epizentraldistanz und Azimut zu bestimmen. Sensitivitätsanalysen zeigen,
dass die Lokalisierungsgenauigkeit unempfindlich gegenüber Quellfrequenzen im Be-
reich von 50 Hz bis 200 Hz ist. Eine geringe Signal-Rausch-Verhältnis und/oder ein Quell-
Empfänger-Azimut nahe 0◦ können jedoch die Genauigkeit beeinträchtigen. Die Analyse
der Auflösbarkeit legt nahe, dass nicht-doppelkoppelte Momententensor-Komponenten
Mxx, Myy und Mzz bei Epizentraldistanzen unter 20 Metern zuverlässig bestimmt werden
können – eine Verbesserung gegenüber der Ein-Kabel-Lösung. Eine Diskussion auf Basis
geomechanischer Simulationen zeigt, dass das Einzelbohrloch-Dual-Kabel-DAS-System
zur Analyse von durch thermische Stimulation verursachten Zugrissen im Nahbereich des
Bohrlochs eingesetzt werden kann – jedoch mit begrenzter Epizentraldistanz. Dies deutet
darauf hin, dass es gut für die Überwachung von Stimulationsmaßnahmen geeignet ist.

Diese Dissertation leistet einen Beitrag zur Energiewende, indem sie ein geomecha-
nisches Modell zur Simulation zyklischer und gekoppelter THM-Prozesse – einschließ-
lich der Rissbildung im Nahfeld des Bohrlochs – entwickelt, das die Planung neuartiger
zyklischer thermischer Stimulationsstrategien ermöglicht. Darüber hinaus wird eine
Einzelbohrloch-Dual-Kabel-DAS-Konfiguration vorgeschlagen, deren Eignung zur Lokali-
sierung und Analyse mikro-seismischer Ereignisse im Nahbereich zur Überwachung von
thermischen Stimulationsmaßnahmen nachgewiesen wird.
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1.1. GEOTHERMAL ENERGY IN THE WORLD AND IN THE NETHER-
LANDS

Geothermal energy, the thermal energy resource under the surface of the earth, is one of
the most promising renewable energy sources for the 21st century. Its reliability and low
carbon emissions make it widely applicable for heating, cooling, and power generation.
In 2023, the total installed geothermal heating and cooling capacity (from 88 countries)
was approximately 173 303 MWt, with a total produced energy of 1 476 312 TJ per year,
while the total installed geothermal electric production capacity (from 30 countries) was
approximately 16 211 MW with a total generated power of approximately 347 602 TJ
(IGA, 2024). In terms of consumption, geothermal energy use reached 5 exajoule (EJ),
representing approximately 0.8% of global energy demand in 2023 (IEA, 2024a). By 2050,
the global geothermal electricity production capacity is expected to reach 60 GW, while
tripling the use of geothermal resources for heating (IEA, 2024a,b).

The Netherlands, nearly half of the final energy use is used for heating and is pri-
marily obtained from natural gas (Planbureau voor de Leefomgeving, 2020), has ample
geothermal resources with heat sources estimated to be 821 000 PJ (Kramers et al., 2012),
demonstrated in Fig. 1.1a. As of 1st January 2024, the total geothermal energy production
installations (i.e. a doublet, a pair of wells) amounts to 33, among which 20 were operating
and contributed to a total heat production of 6.875 PJ in 2023 (TNO, 2024). Fig. 1.1b
shows the changes in annual heat production from geothermal energy and number of
operating installations in the Netherlands, seeing a significant increase since 2018 (TNO,
2024). Although only 1% increase in heat production compared to 2022, a record number
of 13 new geothermal wells were completed in 2023, demonstrating measurable progress
in achieving the goal of the Dutch government of 15 PJ by 2023 and the ambition of 200 PJ
by 2050 (Platform Geothermie et al., 2018; TNO, 2024), which is equivalent to around 700
installations (Platform Geothermie et al., 2018).

Potential recoverable 
heat, GJ/m2

0.0 - 0.1
0.1 - 0.2
0.2 - 0.3
0.3 - 0.4
0.4 - 0.5
0.5 - 0.6
0.6 - 0.7
0.7 - 0.8
0.8 - 0.9
0.9 - 1.0
1.0 - 1.1
1.1 - 1.2
1.2 - 1.3
1.3 - 1.4

Delft

50 km

(a) (b)

Figure 1.1: (a) Dutch geothermal potential recoverable heat (TNO - GDN, 2024), and (b) annual heat production
and number of active installations since 2013, reproduced from TNO (2024), with data between 2008-2013
originally from Centraal Bureau voor de Statistiek (2014).



1.2. PROBLEM STATEMENT

1

3

Geothermal energy in the Netherlands has predominantly been extracted from high-
permeability sedimentary aquifers of Cenozoic, Upper Jurassic-Lower Cretaceous, Trias-
sic, Rotliegend and Lower Carboniferous - Dinantian ages, at depths between 500 m and
3000 m (Mijnlieff, 2020; www.nlog.nl, 2025). The reservoir temperatures typically range
from 40◦C to around 100◦C, and the high transmissivity of these reservoirs has led to an
average extraction/injection flow rate of around 200 m3/h within a wide range of 50 m3/h
to 400 m3/h, depending on the season and system (Mijnlieff, 2020; www.nlog.nl, 2025).
Most of the recent Dutch geothermal systems are doublets, consisting of a pair of wells
drilled into the same reservoir (Mijnlieff, 2020), as shown in Fig. 1.2a. This open-loop
system therefore enables the extraction of hot water from one well for heating, while the
cooled-down water is re-injected into the same reservoir through another well, ensuring
a sustainable and environmentally friendly operations.

The Geothermie Delft project (schematically shown in Fig. 1.2a), a doublet drilled in
2023 on the TU Delft campus, was designed for both research and commercial thermal
energy supply (Vardon et al., 2024). This project is typical of projects installed in the
Netherlands and is used as an example later in the thesis. The two wells target the early
Cretaceous Delft sandstone formation, located at approximately 2 km below the surface,
whose distribution across the Netherlands and broad estimation of transmissivity are
shown in Fig. 1.2b. The wells both have an approximately 800 m vertical section, from
where the two wells deviate from each other so that water can be pumped between them
over a horizontal distance of around 1.3 km at reservoir depth (Vardon et al., 2024). Hot
water will be produced at around 80 ◦C with an initial rate of up to 350 m3/h, and the
cooled-down water will be re-injected to the same reservoir at a temperature that can
be as low as 20◦C (Vardon et al., 2024). This project includes a comprehensive research
programme, involving the installation of a wide range of instruments alongside extensive
logging and coring programmes and monitoring work (Vardon et al., 2024). A fibre optic
cable will be installed in the producer well down to the reservoir section to monitor the
operations, with a local seismic monitoring network being installed in the surrounding
area. In addition to the scientific ambitions, the whole project aims to supply a peak of
around 25 MW of thermal energy (Vardon et al., 2024).

1.2. PROBLEM STATEMENT
Ensuring the sustainability of a geothermal project is the key aspect both for economic
reasons and for stable energy supply. As shown in Fig. 1.2a, a typical geothermal project
comprises a producer well and an injector well where the produced fluid is returned to the
reservoir after the thermal energy has been extracted. Long-term successful re-injection
operations are therefore required, which replenish the reservoir, sustain reservoir pressure
and ensure environmentally responsible disposal of the fluid (Kaya et al., 2011). One of the
challenges in the re-injection operations is to maintain the injectivity (the ratio of injection
rate to injection pressure). Injectivity decline is a common issue that, sometimes, leads to
the abandonment of wells (Ungemach, 2003; Markó et al., 2024), and potentially failure of
the whole project (Guinot & Marnat, 2021). Stimulation technologies are often required to
restore reservoir injectivity. However, conventional methods, such as hydraulic fracturing,
raise concerns regarding either safety or effectiveness. Consequently, there is a need to
explore and evaluate innovative stimulation approaches, alongside the development of
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Figure 1.2: (a) Schematic description of a typical geothermal doublet in the Netherlands (showing the Geother-
mie Delft project as an example) and (b) transmissivity map of the Delft Sandstone Formation and Alblasserdam
Formation (Vrijlandt et al., 2019; TNO - GDN, 2024).

novel monitoring technologies to improve the understanding of subsurface processes
during stimulation.

Injecting water substantially colder than the ambient reservoir temperature results in
a complex multi-physics problem immediately around the borehole. Fluid pressures are
elevated and cooling results in thermal-contraction, both processes are overplayed on the
mechanical disturbance caused by drilling. The radial fluid and heat flows lead to large
pressure and temperature gradients near the borehole. The significant near-borehole
pressure and temperature changes can trigger bio-chemo-physical processes, including
mineral dissolution or precipitation, fines migration and clay swelling, biofilm formation
and gas entrapment, thermal matrix shrinkage or thermal cracking, etc (Burté et al., 2019;
Kamila et al., 2021; Song et al., 2020; Yuan & Wood, 2018). These processes can largely
influence the injection well performance. Yet, understanding these processes is not an
easy task, since it involves the interactions of various problems.

Sandstone reservoirs have been long reported to suffer from decreased injectivity
during operations. Moderate injectivity decrease is expected from injecting cooled water,
arising from the viscosity increase (Veldkamp et al., 2016b). More significant injectivity
decline has also been reported, for example, in Veysey Well 1 (49.41 m3/(h · MPa) to 12.52
m3/(h · MPa)) in the Imperial Valley (Messer et al., 1978), California, in Melleray doublet
(21.25 m3/(h · MPa) to 6 m3/(h · MPa)) (Boisdet et al., 1989), France, and in Well Gt NG 2/89
(220 m3/(h · MPa) to 124 m3/(h · MPa)) (Birner et al., 2015), Neustadt-Glewe, Germany,
where all the reservoirs are sandstone and the flow is dominated by matrix flow (as
opposed to fracture flow). In the Netherlands, matrix-permeability dominated sandstone
reservoirs are the main geothermal plays, including Delft Sandstone and Slochteren
Sandstone plays (Mijnlieff, 2020), providing heating to surrounding greenhouses and
buildings. However, injectivity problems are often observed and have been reported in
several doublets in the Netherlands, of which the micro-biological activities and scaling
are believed to be the main driven mechanisms (Water Research Institute (KWR), 2015;
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Croese et al., 2019). Increases of injectivity have also been observed, which have been
apportioned to both dissolution processes and thermal cracking.

Although preventative measurements have been suggested and implemented in prac-
tice, e.g. using filters and adding chemical inhibitors (Kindle et al., 1984; Kalvani et al.,
2021), injectivity decline still can be encountered. Therefore, restoration technology is
often needed to recover and/or improve injectivity. For example, strong acids, alcohols or
certain ketones can be used to mitigate clay swelling (Kindle et al., 1984), and chemical
treatment is the preferred method to remove or reduce scaling (Messer et al., 1978; Jarra-
hian et al., 2024). However, chemical additives are expensive and are strictly regulated
(Jarrahian et al., 2024). Moreover, the high temperature environment in geothermal wells
poses additional challenges for the chemical removal method. Stimulation technology, e.g.
hydraulic stimulation (or fracking), is an alternative. However, this is often not allowed
due to concerns about the high pressures used inducing seismicity (Pluymakers et al.,
2023). This has led to the proposal of ‘soft stimulation’ methods, which are a suite of
methods that aim to improve the injectivity with lower pumping pressures in combination
with other processes. Among the soft stimulation technologies, thermal stimulation and
cyclic stimulation are popular choices.

Thermal stimulation involves injecting cold water into the reservoir at a pressure below
the breakdown pressure (defined as the pressure required to fracture the rock mass), as
opposed to the higher pressures typically used in hydraulic fracturing. This approach
has been successfully implemented in numerous geothermal projects, including the
Wells H40 & H41 at the Los Humeros field in Mexico (Luviano et al., 2015) and HE-8 at
Hellisheidi in Iceland (Gunnarsson, 2011), where it improved injection performance by
reducing pump pressure. Reactivation of pre-existing fractures and the creation of new
fractures induced by thermal stresses are considered the primary mechanisms behind
the effectiveness of thermal stimulation (Horne, 1982).

Cyclic stimulation requires alternating phases of high and low flow rate to induce
fatigue damage and has been demonstrated to lower down injection pressure in both
laboratory, mine-scale experiments and field tests (Hofmann et al., 2019). For example,
laboratory tests on sandstone and granite samples have shown significant reductions
in breakdown pressure following cyclic injection (up to 20% for Pocheon granite cores
(Zhuang et al., 2019b), 7.18% - 18.9% for Xujiahe sandstone (Kang et al., 2020) and 16%
for dry Tennessee sandstone (Patel et al., 2017)). Additionally, cyclic injection has been
observed to lead to the formation of more complex fracture networks, as opposed to the
simple fractures typically induced by conventional hydraulic stimulation (Patel et al.,
2017; Wei et al., 2023). A field-scale test performed on well PX-1 at the Pohang enhanced
geothermal system (EGS) project site in South Korea demonstrated that cyclic injection
was able to improve the injectivity from 0.5 L/(s·MPa) to 2.6 L/(s·MPa) while managing
seismic activity to remain below the target threshold of Mw 2.0 (Hofmann et al., 2019;
Zang et al., 2021). A challenge in inducing cyclic fatigue is that a fatigue limit exists for
rocks, resulting in a minimum injection pressure which is required to induce fatigue , typi-
cally between 0.75 and 0.9 of the breakdown pressure in monotonic hydraulic fracturing
(Cerfontaine & Collin, 2018; Schijve, 2009).

Combining thermal and cyclic stimulation has been proposed to improve the stimula-
tion performance of heavy oil reservoirs (cyclically injecting hot water or steam), taking
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advantage of the cyclic effect of hot water on oil viscosity (Hou et al., 2016). In contrast,
cyclic thermo-hydraulic stimulation (cyclically injecting cold water) to geothermal reser-
voirs based on the mechanism of cooling-induced thermal stress and fatigue damage is ra-
rely reported and studied. Therefore, a combination of both soft stimulation technologies
is proposed and compared with other stimulation scenarios, e.g. monotonic and stepwise
stimulation, in this thesis. Yet, investigating the mechanisms behind different stimulation
requires thorough understanding of the near-borehole thermo-hydro-mechanical (THM)
processes.

Coupled THM processes happen during both standard operations and stimulation
operations, inducing large stress changes in the near-borehole area. Cyclic injection can
induce fatigue damage in rocks, which, together with the cooling-induced stress, can
result in near-borehole cracking events. The formation of near-borehole fractures can
largely improve the flow condition around the wellbore, therefore improving the well
performance. However, due to the complex coupled THM processes and discontinuous
nature of the problem, understanding the near-borehole cracking events is a non-trivial
task, which therefore poses challenges in designing a stimulation strategy. This thesis,
therefore, aims to provide tools to understand the near-borehole cracking events as a
result of monotonic, stepwise, or cyclic coupled THM processes. The tools include a
geo-mechanical model and a micro-seismic monitoring proposal. The geo-mechanical
model is used to study the different stimulation scenarios for a synthetic reservoir with
near-borehole clogging, inspired by the Geothermie Delft project and nearby geothermal
projects. In addition, the feasibility of using a new distributed acoustic sensing (DAS)
configuration to locate and characterise near-borehole cracking events will be explored.

1.3. MODELLING CYCLIC THERMO-HYDRO-MECHANICAL PRO-
CESSES

1.3.1. NEAR-BOREHOLE COUPLED THM PROCESSES

The injectivity changes mentioned in the previous section are a result of coupled processes
in the subsurface, particularly in the near-borehole region where there is the largest
temperature and pressure gradients. The focus of this thesis is on the coupled thermo-
hydro-mechanical processes. Chemical processes, while important, are broadly beyond
the scope of this thesis, although are included in the review contained in Chapter 2.

Coupled processes indicate that two or more processes interact with each other, with
the independent solution of any one process being impossible without simultaneous
solution of the others (Vardon, 2009; Jacquey, 2017; De Simone, 2017). During the re-
injection of cooled water back to geothermal reservoirs, coupled THM processes happen
and can partly control the well performance. The cooling effect can induce volumetric
strain in rock mass which is restrained by surrounding media, leading to thermal stresses.
This is the thermal-to-mechanical effect, which can induce new fractures or re-activate
natural fractures. Conversely, the mechanical deformation may result in energy loss,
thus leading to changes in temperature. However, this mechanical-to-thermal effect is
usually small and thus can be ignored in geo-mechanical analyses (Zimmerman, 2000;
De Simone et al., 2013). In addition, fluid properties, e.g. viscosity and density (Veldkamp
et al., 2016b), are influenced by the temperature and may therefore induce fluid flow
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due to changing temperature gradient. This is the thermal-to-hydraulic effect, which,
during cold water injection, inevitably leads to injectivity decline. In contrast, any change
in fluid pressure distribution will influence heat transfer, thus temperature distribution.
This hydraulic-to-thermal effect largely controls the efficiency of heat extraction from
subsurface. Moreover, as the thermal-to-mechanical effect, the deformation of the rock
was shown to be a function of the stress and pore-water pressure and can be described
by effective stress theory (Terzaghi, 1943). On the other hand, deformation in rock mass
or creation of new fluid paths (i.e. new fractures or re-activated natural fractures) can
change the fluid flow behaviour.

Fig. 1.3 summarises the main couplings among thermal, hydraulic and mechanical
processes in subsurface. These coupled THM processes control the near-borehole flow
and heat transfer conditions. The resulting stress changes can create new fluid paths
through the formation of new fractures or re-activation of natural fractures, which, in turn,
will largely change the near-borehole fluid flow and heat transfer. These complex coupled
THM processes are the mechanisms behind any geothermal operations, including re-
injection and stimulation. A thorough understanding of the non-linear coupled processes
and discontinuous problems is therefore crucial for designing injection or stimulation
plans.

Thermal

Mechanical
Change in effective stress 

Change in 

permeability ＆ porosity

Hydraulic

Figure 1.3: Illustration of the interactions between thermal, hydraulic and mechanical processes in the porous
media (after Rühaak et al. (2017)).

1.3.2. NUMERICAL METHODS FOR MODELLING DISCONTINUITY PROBLEMS
Understanding how the fracturing processes are influenced by the coupled THM proces-
ses resulting from cyclic re-injection, and how the injection performance is influenced
by the fracture characteristics and behaviour, is crucial for designing and managing ope-
rations, yet is a non-trivial task. Analytical studies are generally restricted to simple 1D
problems in an idealised geometry, e.g., studies on optimising heat extraction from enhan-
ced geothermal systems (EGS) (Akdas & Onur, 2022; Fox et al., 2016), or combined with
field data to derive empirical relationships between injection temperature and injectivity
(Grant et al., 2013).

Thanks to the rapid development of high-performance computation, more complex
and coupled processes can be studied with a more realistic description of the subsurface
and its evolution. Multiple advanced codes have been developed to study coupled thermo-
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hydraulic and thermo-hydro-mechanical processes and transport phenomena in complex
subsurface structures, such as TOUGH2 (Doughty, 2013), MRST-AD (Krogstad et al., 2015),
FEHM (Zyvoloski, 2007), AD-GPRS (Garipov et al., 2018), and DARTS (Voskov, 2017),
OpenGeoSys (Kolditz et al., 2012), GEOX (Settgast et al., 2017), MOOSE-based codes
(Dudani et al., 2014; Podgorney et al., 2021; Jacquey, 2017), UDEC (Israelsson, 1996),
DRAC (Pérez Carreras, 2018), and LAGAMINE (Charlier, 1987; Collin et al., 2002). Some of
these codes are able to simulate fully coupled thermo-hydro-mechanical processes in the
subsurface where pre-existing or new fractures play a key role, each employing various
approaches to tackle simulations involving discontinuities.

Two main categories of numerical approaches have been proposed and developed to
solve problems which include discontinuities, namely continuous and discrete numerical
methods (Aliabadi & Rooke, 1991; Lanru & Ove, 2007). The former category includes
methods like the Finite Difference Method (FDM), Finite Element Method (FEM) and
Boundary Element Method (BEM), and treats the rock as an equivalent continuum with
the discontinuities being either implicitly or explicitly represented. In contrast, the
Discrete Element Method (DEM, including Distinct Element Method, Discontinuous
Deformation Analysis and Bounded Particle Method) treats the rock as an assemblage
of particles or blocks, so that discontinuities are explicitly considered. Although DEM
allows larger displacements and rotations of discrete elements, it is not easily able to solve
flow and heat transfer problems by its own. in addition, it is computationally expensive
to calculate the interactions between particles or blocks, which limits the application
to small-scale problems. In addition, significant uncertainties can be introduced as
it is challenging to model realistic particle geometries and to determine the material
parameters required to define the mechanical relationships between the particles (Min,
2013). Therefore, continuous numerical methods, typically FEM (which has advantages
over FDM and BEM in terms of efficiency in handling non-linear processes and capability
of describing complex boundary geometries (Min, 2013)), remain the most popular
numerical methods to simulate multi-physics problems including discontinuities, despite
challenges in incorporating them into meshes.

1.3.3. COHESIVE ZONE MODEL WITH FATIGUE DAMAGE VARIABLE

The simulation of discontinuous problems can be performed with different techniques
based on FEM, such as Element Deletion Method (Livermore Software Technology, 2007),
Adaptive Element Method (Schrefler et al., 2006)), Extended Finite Element Method
(XFEM) (Jafari et al., 2023), cohesive interface elements (Settgast et al., 2017; Lequesne
et al., 2006; Dieudonné et al., 2015; Cerfontaine et al., 2015; Liaudat et al., 2023), and
Phase Field Method (PFM) (Lepillier et al., 2020). Among the proposed approaches,
the cohesive interface element, combined with the cohesive zone model (CZM), is the
dominant choice in modelling fracturing processes using FEM (Nguyen et al., 2017), due
to its mitigation of the need to calculate the stress singularity at the fracture tips that
is commonly challenging in methods based on linear elastic fracture mechanics (e.g.,
XFEM) (Min, 2013; Nguyen et al., 2017) and its clear physical meaning. In addition, unlike
XFEM (Min, 2013; Wu et al., 2020), cohesive interface elements are capable of modelling
fracture nucleation and initiation (Nguyen et al., 2017). Although the phase-field method
can also avoid the challenges in stress singularities, finer meshes with dimensions smaller
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than the so-called length-scale parameter are required, resulting in a high computational
cost (Dally et al., 2020).

The cohesive zone model was first proposed by Dugdale (1960) and Barenblatt (1962)
to circumvent the unrealistic infinite stresses at the fracture tip obtained for a linear
elastic material, assuming a cohesive-law-governed zone in front of the fracture tip
(shown in Fig. 1.4). Later, Hillerborg et al. (1976) introduced CZM into FEM to simulate
crack initiation and growth in concrete. When discretising the material domain, the
material separation and thus damage of the structure can be described by interface
elements in-between continuum elements (Scheider, 2001), governed by the cohesive
law that relates traction and separation of the two surfaces of the interface element.
Due to the advantages mentioned earlier, the cohesive interface elements have been
widely applied to modelling hydraulic fracturing (Nguyen et al., 2017), fault slip (Van
Den Bogert, 2015), the behaviour of soil–structure interfaces (Cerfontaine et al., 2015) and
gas fracturing in clay barriers (Liaudat et al., 2023). However, most of the previous research
only considered hydro-mechanical or pneumo-hydro-mechanical couplings (Liaudat
et al., 2023; Dieudonné, 2016; Nguyen et al., 2017; Lu et al., 2013; Carrier & Granet, 2012).
As heat transfer and thermal stresses play a key role in extracting geothermal energy, fully
coupled THM processes are necessary to be considered in the model. A limited number of
previous works considered heat transfer in interface elements, for example, Alonso et al.
(2013), Pérez Carreras (2018) and Cui et al. (2019) considered heat transfer in interface
elements, but with a double node scheme, which does not allow the consideration of
the temperature and fluid pressure inside the discontinuity independently from the
adjacent continuum elements, although has a simpler formulation. The temperature
and pressure at the middle of the interface requires assumptions, e.g., taking the average
value between the bottom and top faces of the interface. It has been demonstrated that
in certain circumstances the double-node scheme can introduce errors that depend
on the longitudinal temperature/pressure profile, hydraulic/diffusion coefficients and
thus on mechanical processes (Liaudat et al., 2023). In contrast, the triple-node scheme
allows a more “flexible” representation of the transversal fluid and heat flow between the
interface element and the surrounding continuum elements. Therefore, such interface
elements can be used for applications where an explicit representation of the mid-plane
pressure and temperature is convenient, such as the interfaces between permeable and
impermeable materials. In addition, the mechanical laws implemented in the interface
elements of previous works reflect the targeted physical process, with for example, the
work of Cui et al. (2019) and Ranjbar et al. (2020) not including damage processes and
Alonso et al. (2013) not updating stiffness with damage. Since the problems considered
in their work were always in compression and mode I fractures are not considered, the
thermo-mechanical and hydro-mechanical couplings were moderate. Furthermore, in
their modelling exercises, the shearing path was prescribed along a pre-defined line and
the cases where the fractures can choose the most efficient fracturing paths were not
discussed.

The mechanical response of the cohesive interface element is governed by a traction-
separation law (specifically referred to a bilinear elasto-damage law in this work). Traditio-
nally, the law can only describe damage due to static loading beyond a strength threshold.
If loading remains below the strength, the behaviour is elastic, with no additional da-
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Figure 1.4: Schematic description of: (a) fracturing process zone at the fracture tip, and (b)conceptualised
cohesive zone which is used to represent the fracturing process zone (after Elices et al. (2002))

mage, regardless of the number of loading cycles. Although efforts have been made to
incorporate fatigue damage due to cyclic loading into the elasto-damage law, some limita-
tions still remain. Xi et al. (2021) and Wei et al. (2023) both introduced a fatigue damage
variable into constitutive laws to model the degradation of tensile strength. However,
these models do not account for thermal effects, rendering their method unsuitable for
cyclic thermal stimulation. In addition, both models assume constant stiffness in the
elastic stage, which fails to capture the observed degradation of rock stiffness and the
accumulation of deformation (Cerfontaine & Collin, 2018; Xiao et al., 2010). Wei et al.
(2023) also formulated the fatigue damage variable as a function of the number of cycles
under constant-amplitude loading, which does not consider varying-amplitude cyclic
loading.

Therefore, this thesis aims to fill the mentioned gaps by: a) developing a fully-coupled
THM model using zero-thickness and triple-node interface elements, which can be in-
serted in-between continuum elements to represent pre-existing fractures or provide
arbitrary potential cracking paths; b) developing a new traction-separation law incor-
porating a fatigue damage variable to account for fatigue effects during the simulation
of fracturing processes under cyclic thermo-hydro-mechanical loadings with varying
amplitude.

1.4. MICRO-SEISMIC MONITORING USING DISTRIBUTED ACOUS-
TIC SENSING

1.4.1. MICRO-SEISMIC MONITORING METHODS
Micro-seismic monitoring entails the detection of small-scale rock-failure events with
magnitude less than 0 on the Richter scale and frequency ranging roughly from 0.1 Hz -
10 kHz (Meng et al., 2018; Wu et al., 2016)). It has been widely used in geothermal and/or
underground storage projects since its inception in the 1970s (Warpinski, 2009). Its most
notable application is mapping stimulation operations to provide information on the
stimulated volume, fracture geometry and complexity and geo-mechanical responses
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(Le Calvez et al., 2007; Martyushev et al., 2024). This gives information of the subsurface
stimulation processes in 3D continuously, allowing the improvement of operations and
to react to unexpected issues in real time, e.g. induced seismicity (Li et al., 2019). For
example, micro-seismic monitoring of six hydraulic fracturing tests at the M-site field, a
fluvial sandstone reservoir in the Piceance basin of Colorado, from multilevel and triaxial
seismic receivers in two wells were used to image the fracture height, length and azimuth
and to correlate the geometry with the injection volume and type (Warpinski et al., 1999).
The imaged fractures were also compared with a fracture model, showing good agree-
ment while also indicating a lack of downward growth in the model, suggesting other
constraints on the fracture maybe missing, or less likely, incorrect stress data (Warpin-
ski et al., 1999). Shapiro et al. (2006) interpreted micro-seismic data of two hydraulic
fracturing experiments in the Carthage Cotton Valley tight gas field, in eastern Texas,
using the well-known analytical hydraulic fracturing model, i.e. the so-called PKN model
that describes the propagation of a straight planar height-fixed vertical fracture due to
injection of fracturing fluid (Valkó & Economides, 1995). Their results suggested the frac-
ture growth during a dominant part of the injection duration could be mainly controlled
by the fluid loss effects and they demonstrated the estimation of the permeability of
the fracture and of the reservoir based on the triggering front and back front curves of
the induced micro-seismic events on the spatial-temporal plots (Shapiro et al., 2006).
Cornet & Jianmin (1995) reported that a network of 15 subsurface 3D seismic stations was
employed to monitor the injection tests conducted at the granite test side at Le Mayet
De Montagne, central France, and the inversion of the micro-seismic data, together with
measurements from hydraulic tests on pre-existing fractures with known orientations, led
to the determination of the regional stress field and the identification of the fault plane
for each of the focal mechanisms. Analysis of the recorded micro-seismic events during
hydraulic fracturing tests in the context of enhanced geothermal system (EGS) at the
Sanford Underground Research Facility, South Dakota, confirmed a complex mixed-mode
fracture network comprised of multi-strand hydraulic fractures and shear-reactivated
pre-existing weak planes (Schoenball et al., 2020). In short, microseismic monitoring is
an essential tool to ensure efficiency and safety of operations in the subsurface.

Conventionally, 1-component (1C) or 3-component (3C) geophones can be buried
on the surface, installed in shallow boreholes, or in deep downhole of treatment or
offset wells to monitor micro-seismicity. Although the (near-)surface monitoring can
provide a wide coverage, which yields a well-constrained horizontal location (Eisner
et al., 2011), it suffers from large uncertainty in depth and low signal-to-noise ratio (S/N)
due to signal attenuation and noises from surface human activities (Eisner et al., 2011;
Diller & Gardner, 2012). Therefore, downhole monitoring (commonly in offset wells) is
more popular due to its closer monitoring position to the stimulated zone, leading to a
higher S/N. Unlike the surface monitoring, downhole monitoring can provide a robust
depth constraint. Yet, the accuracy in azimuth progressively degrades with the increasing
distance between monitoring and treatment wells (Eisner et al., 2011). In addition, the
downhole monitoring fails to provide good coverage due to its restricted geometry in the
borehole. Consequently, multiple offset wells, which may not be available, especially for
new fields, are generally required to deduce the source mechanisms (Eaton & Forouhideh,
2011). However, drilling offset wells generally incur substantial additional costs (Lellouch



1

12 1. INTRODUCTION

et al., 2020) and is not common, especially at the onset of large projects (Peyret et al.,
2012). It is also challenging for geophones to safely, efficiently and permanently perform
in harsh downhole environment where high temperature, high pressure and aggressive
chemicals are often encountered.

Recently, distributed acoustic sensing (DAS), sometimes also known as distributed
dynamic strain sensing, via optical fibres (Fig. 1.5a) is attracting increasing attention for
micro-seismic monitoring, as an alternative to traditional point sensors like geophones.
DAS relies on elastic Rayleigh scattering (Fig/ 1.5b) from inhomogeneities in an optical
fibre as encountered by a pulse of light. The optical fibre itself acts as densely distributed
sensors that sense the strain or strain rate over a defined length, the so-called gauge
length (Hartog, 2017; Hasani, 2024), as shown in Fig. 1.5a. It is a unique feature of DAS
that it can provide continuous measurements over an entire well with high spatial and
temporal resolution (Lellouch et al., 2020; Mad Zahir et al., 2023). Moreover, compared
to conventional sensors such as geophones, DAS can be deployed in extremely harsh
environments, such as geothermal wells, because the optical fibre is protected by primary
polymer coating. Fibre-optic cables can be permanently installed behind well casings,
thereby increasing the signal-to-noise ratio (S/N) (Lellouch et al., 2020) and allowing
regular operations to continue unimpeded. This eliminates the need to drill offset moni-
toring boreholes, thus saving costs. Yet, limitations exist and need to be considered when
designing a DAS installation. Optical fibres sense the axial strain or strain rate along its
trajectory, therefore only providing a one-component (1C) signal and leading to broadside
insensitivity, i.e. no sensing of wave motion perpendicular to the cable orientation. The
1C nature of DAS has limited its capability of fully locating the micro-seismic events,
particularly in polarity analysis (Lellouch et al., 2020) and source-mechanism inversion.

Interrogator
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Gauge length

Cladding
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Perturbed fibre:

Seismic wave

Rayleigh backscattering 
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Phase delay in 
Rayleigh backscattering
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(a)

wavelength

Backscattered intensity

StokesAnti-Stokes
Rayleigh
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Raman
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Figure 1.5: Illustration of the (a) DAS principle, and (b) different backscattered light in the fibre (after Li et al.
(2022); EGU Seismology ECS Team (2023); Hasani (2024)).

1.4.2. SOURCE LOCALISATION AND MECHANISMS
Fully localising cracking events is important for tracking the stimulated volume, under-
standing in-situ stress states and stress rotation during stimulation. Some approaches
have been proposed to fully localise a micro-seismic source. One of the possible solutions
is to install optical fibres in multiple wells, e.g. the multi-well installation at the Hydraulic
Fracturing Test Site 2 R & D program in the Permian Delaware Basin (Ciezobka, 2021) and
the multi-well DAS micro-seismic monitoring program conducted in Northern Nevada
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(Dadi et al., 2024). Alternatively, optical fibres can be installed all the way along vertical
and horizontal/over-deviated borehole sections, such as in the field case reported in
Webster et al. (2013) and Verdon et al. (2020), and the field test implemented during hy-
draulic stimulation in the Meramec formation (Karrenbach et al., 2019). However, drilling
offset wells or horizontal wells is often costly and is not always possible due to restricted
surface and geological conditions. Other methods have been proposed to localise the
source but with requirements on the geological conditions. For instance, Lellouch et al.
(2022) proposed to locate micro-seismic events based on recorded signals from a single
horizontal fibre-optic cable, but their method requires conditions where the reservoir
can act as a waveguide. Baird et al. (2020) takes advantage of the anisotropy (vertical
transverse isotropic) of the media, where the vertical and horizontal shear-wave velocities
differ, to fully constrain the location via a single horizontal fibre-optic cable. Although
both methods show promising results, they need a-priori information and therefore limit
their approach to a more general situation.

Determining the source mechanism of near-field micro-seismicity is essential to
understand the physics of the stimulation processes, thus identifying the contributions
from hydraulic fractures and natural fractures (or weak planes) (Nolen-Hoeksema &
Ruff, 2001; Schoenball et al., 2020). The seismic moment tensor can provide an estimate
of the source mechanism and can be determined from the inversion of the observed
seismic waveforms (Wu et al., 2023). The moment tensor is a symmetric and second-
order tensor which has six independent components. It is generally decomposed into
three elementary parts: including isotropic (ISO), double-couple (DC) and compensated
linear vector dipole (CLVD) parts, corresponding to volumetric changes (explosion or
implosion), pure shear failure and tensile failure without volumetric change respectively
(Vavryčuk, 2015). Therefore, the moment tensor is a direct representation of the stresses
(or strains) in the vicinity of the source, and allows the estimation of orthogonal strain axes
for each event and identification of the stress state at the front of stimulated area and the
potential failure planes (Baig & Urbancic, 2010). For example, moment tensor inversion
was performed by Ohtsu (1991) based on P-wave amplitude from eight micro-seismic
events recorded during small-scale hydro-fracturing test in siliceous sandstone at the
Imaichi underground power plant. Their results suggested tensile cracks occurred in
the outer boundary with crack-opening motions perpendicular to pre-existing joints,
while shear cracks occurred mainly near the treatment borehole with motions parallel to
the joint plane. Studies on induced micro-seismicity from hydro-fracturing tests at the
Hijiori (Japan) hot dry dock geothermal facility (Sasaki, 1998) and at the KTB borehole in
North-East Bavaria (Germany) Jost et al. (1998) suggested best-fit DC focal mechanisms
without significant volumetric component, indicating shear failures. Sasaki (1998) has
shown that seismic energy radiated from a tensile failure is small as compared with that
of a shear failure, resulting in less detectability of tensile cracking events. In contrast,
non-DC components, corresponding to tensile failures, have been reported in the results
of moment tensor inversion of singals recorded during hydraulic fracturing tests at the
M-site field, Colorado (Nolen-Hoeksema & Ruff, 2001), at the European Hot Dry Rock
(HDR) site of Soultz-sous-Forets, France (Cuenot et al., 2006), at the Coso geothermal
field, California (Julian et al., 2007), and in the Carthage Cotton Valley, Texas (Šílený et al.,
2009). Yet, the non-DC components cannot be reliably resolved from a single vertical
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array of receivers, thus leading to simplified assumptions on only deviatoric mechanisms
(Nolen-Hoeksema & Ruff, 2001; Šílený et al., 2009).

Before the non-trivial moment-tensor inversion, resolvability analysis is valuable to
assess whether the unknowns can be accurately retrieved from an inversion (Vera Ro-
driguez et al., 2011). Resolvability of the full moment tensor based on synthetic data
has been investigated for three-component (3C) geophones (particle velocities) (Nolen-
Hoeksema & Ruff, 2001; Vavryčuk, 2007; Vera Rodriguez et al., 2011) and for DAS (1C
strain/strain rate) (Vera Rodriguez & Wuestefeld, 2020; Bader et al., 2023; Wu et al., 2023)
in single and multiple vertical wells. For example, Vera Rodriguez & Wuestefeld (2020)
analytically examined the resolvability from two vertical fibre-optic cables, separated at
least 50 m from each other and aligned with the coordinate axes, with the source at the
origin. This configuration ensures enough focal coverage to have a robust resolution of
five components. And if one of the cables is moved away from the coordinate axes, the
full moment tensor can be resolved (Vera Rodriguez & Wuestefeld, 2020). However, this
configuration indicates that an additional well needs to be drilled, which is expensive.

1.5. EASYGO PROJECT

Given the challenges in geothermal operations and the ambitious expansion plans for geo-
thermal energy in many countries, there is an urgent need for experts with a broad under-
standing of geothermal systems. The European-Commission-funded Marie Skłodowska-
Curie Innovative Training Networks project EASYGO, which stands for Efficiency And
SafetY in Geothermal Operations, created such an opportunity to train 13 next-generation
geothermal experts. EASYGO brought together four of the IDEA League partners (TU
Delft, ETH Zurich, RWTH Aachen and Politecnico di Milano) and ten industry partners.
All the 13 PhD candidates were trained in two of the four universities and at least one
of the industry partners. The ambition of EASYGO was to contribute to making Europe
a world leader in geothermal science, operational technology and education, thereby
accelerating the energy transition.

The individual research projects of this research programme covered the whole chain
of geothermal operations. Specific research topics were: optimised representation of
reservoir heterogeneity, reservoir management including upscaling of laboratory-scale
measurements to reservoir scale, near-borehole coupled processes, power-plant compo-
nent optimisation, optimised injection strategies including alternative fluid, e.g. CO2, and
geophysical-geochemical monitoring during operations. Different methods were used in
the sub-projects, including on-site field measurements, laboratory experiments and novel
simulation techniques. All sub-projects were aligned with two key research questions:
“How do we run geothermal systems efficiently?” and “How do we run geothermal systems
safely?”

This PhD project was one of the 13 sub-projects of EASYGO, aiming to investigate the
near-borehole coupled thermo-hydro-mechanical (THM) processes and evaluate their
impact on well performance. The research was conducted at TU Delft and RWTH Aachen,
with an industry secondment at Aardyn to gain practical field experience.
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1.6. MOTIVATION AND RESEARCH OBJECTIVES
A comprehensive understanding of coupled THM processes is essential for designing
optimal injection/stimulation strategies that prevent injectivity impairment or facilitate
its remediation when it occurs. However, understanding the subsurface processes is a
non-trivial task.

Numerical simulation can help us understand the near-borehole coupled THM proces-
ses. Yet, it is challenging to model these processes when discontinuities exist. Simulating
fracture initiation and propagation in permeable intact rock requires special techniques.
Moreover, there is a need to incorporate the fatigue damage into existing constitutive law
to investigate fatigue damage under cyclic coupled THM loadings, allowing the study of
the combination of thermal and cyclic stimulation scenarios.

In addition to geo-mechanical simulation, micro-seismic monitoring is essential
to observe if stimulation is to be effectively deployed, and as an effective method to
understand and monitor operational near-borehole cracking events. DAS using optical
fibres is gaining popularity in monitoring geothermal operations. Nevertheless, current
geometry of the optical fibres requires an additional horizontal section or new offset wells
to fully locate and characterise micro-seismic sources, largely increasing the cost. A more
cost-efficient way is to install two fibre-optic cables separately in one vertical well, but its
feasibility is unclear.

This thesis therefore aims to fill these gaps by:

(1) developing a fully coupled THM cohesive interface element that can be, combined
with continuum finite element, used to model pre-existing fractures or potential
cracking paths in intact rock;

(2) developing a new traction-separation law that incorporates fatigue damage under
varying-amplitude and coupled THM loading;

(3) demonstrating modelling methods to simulate fracture initiation and propagation
in highly permeable sandstone reservoir under cyclic THM processes;

(4) with the developed tool, evaluating different injection/stimulation scenarios, in-
cluding monotonic, stepwise, cyclic, combined stepwise and cyclic stimulation, all
with cooling effects considered;

(5) evaluating the feasibility of the dual-cable DAS in one vertical well for source
localisation and source mechanism inversion.

1.7. OUTLINE OF THE THESIS
This thesis consists of 7 chapters, and is organised as follows.

Chapter 2 presents a comprehensive literature review on the injectivity issues encoun-
tered in geothermal projects. The history and motivation of re-injection is first introduced,
followed by an explanation of the mechanisms behind injectivity decline and injectivity
enhancement respectively.

Chapter 3 describes the development of a zero-thickness and triple-nodded interface
element, which, combined with cohesive zone model, can be used to simulate fracture
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initiation and propagation. The mathematical formulations for the continuum finite
element and interface element are presented, together with the modelling approach to
represent potential cracking paths in intact rock. In addition, substantial verification and
validation are discussed to demonstrate the performance of the proposed model.

Chapter 4 further extends the work in Chapter 3 by developing a new elasto-damage
constitutive law that incorporates a fatigue damage variable into the tensile branch,
allowing the simulation of cyclic thermal stimulation scenarios. Extensive validations
against cyclic Brazilian test, cyclic hydraulic test, and cyclic thermal stimulation test
are performed to demonstrate the capability of the proposed model to capture fatigue
damage under cyclic coupled THM loading, including varying-amplitude loading.

Chapter 5 presents the simulations of different stimulation scenarios using the de-
veloped tool. Fully coupled THM simulations are first performed on a normal injection
scenario to a synthetic reservoir, inspired by the Geothermie Delft project. In addition,
simulation of different stimulation scenarios to the synthetic reservoir with assumed near-
borehole clogging are investigated. The stimulation performance of monotonic, stepwise
and cyclic stimulation and combined stepwise and cyclic stimulation is evaluated and
discussed.

Chapter 6 discusses the feasibility of using a dual-cable DAS in a single vertical bo-
rehole to locate and characterise the micro-seismic sources. The localisation process
is first introduced with a base example. Localisation accuracy sensitivity to source pa-
rameters and noise levels is conducted. In addition, the resolvability of the moment
tensor components is discussed on the basis of resolution matrix. Based on the previous
geo-mechanical simulation, how the near-borehole tensile fractures can be understood is
also discussed.

Chapter 7 summarises the main conclusions of this thesis, and recommendations
for future research on the geo-mechanical modelling and micro-seismic monitoring are
presented.
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LITERATURE REVIEW ON THE

MECHANISMS CAUSING INJECTIVITY

CHANGES IN GEOTHERMAL

PROJECTS

In geothermal projects, injectivity can be influenced during reinjection, both positively
and negatively. A comprehensive review is conducted in this chapter to understand the
mechanisms behind the increasing and decreasing injectivity. Interconnected physical,
chemical and biological clogging contributes to injectivity decline, and the decreasing
reservoir temperature plays a major role in triggering these processes. In contrast, re-
opening/shearing of pre-existing fractures and thermal cracking are the main contributors
for injectivity enhancement during reinjection. Detailed data showing worldwide examples
of injectivity changes have been collected and presented.

This chapter has been published in Luo et al. (2023), to which Wen Luo and Anna Kottsova equally contributed
as joint first author. Credit for the figures in this chapter go to Anna Kottsova.
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2.1. INTRODUCTION
In geothermal projects, re-injection of produced water has been widely applied for dis-
posing wastewater, supplying heat exchange media and maintaining reservoir pressure.
Accordingly, it is a key process for environmental and well performance assessment,
which partly controls the success of projects. However, the injectivity, a measure of how
easily fluids can be reinjected into reservoirs, is influenced by various processes throug-
hout installation and operation, as is summarised in Fig .2.1. Both injectivity decline
and enhancement have been reported during re-injection operations, while most current
studies tend to only focus on one aspect. This chapter aims to provide a comprehensive
discussion on how the injectivity can be influenced during re-injection, both positively
and negatively. This includes a detailed overview of the different clogging mechanisms, in
which decreasing reservoir temperature plays a major role, leading to injectivity decline.
Strategies to avoid and recover from injectivity reduction are also introduced. Followed
is an overview of mechanisms underlying injectivity enhancement during re-injection,
wherein re-opening/shearing of pre-existing fractures and thermal cracking have been
identified as the main contributors. In practice, nevertheless, mixed-mechanism proces-
ses play a key role during re-injection.

Processes during 
reinjection

Hydro-shearing and re-opening

Thermal cracking

Pushing drilling mud away from wellbore

Precipitation

Mineral dissolution

Byproduct clogging

Biofilm formation

Physical

Chemical

Biological

Corrosion

Gas entrapment

Clay swelling

Fines migration

Increase injectivity

Decrease injectivity

Fluid viscosity reduction

Thermal matrix shrinkage

Figure 2.1: Overview of mechanisms underlying injectivity decline and enhancement during re-injection.
Mechanics are color-coded by type, i.e. whether they are physical, chemical or biological. Mechanisms in two
colours include two processes (i.e. physico-chemical, physico-biological, chemo-biological processes).

2.2. HISTORY AND REGULATION OF RE-INJECTION OF GEOTHER-
MAL FLUIDS

Re-injection techniques started to be applied in the late 1960s in Ahuachapan (El Sal-
vador) (Stefansson, 1997) when low-temperature water was injected back into a high-
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temperature reservoir for environmental reasons. From the 1970s, the number of re-
injection wells has been continuously growing. The initial purpose of re-injection was
the disposal of steam condensate. However, a positive influence on extraction well pro-
ductivity was noticed. In 1987, wastewater was re-injected in the Geysers geothermal
field in California when the production declined rapidly, and an improved production
was noticed immediately (Goyal & Conant, 2010). Consequently, re-injection started
to be applied also for reservoir performance improvement. Even though this method
originated in high-enthalpy fields, it soon was also applied in low-enthalpy reservoirs. In
low-temperature reservoirs, the amount of produced water which needs to be disposed
of is substantially higher.

The discharge/disposal of geothermal fluids is an important issue, which is addressed
by various national regulations, including in the USA and many countries of the EU. An
overview of regulations on both reinjection and water discharge is summarized in Tab. .
Even though regulations vary between countries, some similarities can be seen.

According to the EU Water Framework Directive (European Parliament and Coun-
cil, 2000), no uniform obligation on re-injection of geothermal brine exists. National
governments can decide individually whether geothermal fluid re-injection is required in
their countries. In the Netherlands, permits are needed for discharge into surface water
system or sewer system, which are only granted under strict environmental conditions
(Dutch Government, 2024, 2025) and would not usually be met with geothermal waste
water. Therefore, re-injection, allowed with a permit which specifies safe conditions
(Staatstoezicht op de Mijnen, 2020), is the only viable option.
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Table 2.1: Overview of worldwide regulations on re-injection and produced water discharge

Country Obligatory re-injection? Regulations on discharge of produced water
Belgium (Manzella et al.,
2021)

No 1) Discharge into natural surface systems is allowed after comprehen-
sive quality-quantity check and treatment procedures. 2) Radioactivity
control of fluids (NORM waste) before discharge is imposed.

France (Rybach, 2003) No 1) Discharge into surface water needs to be authorised and requires
control of radionuclides, total suspended solids (TSS), chemical oxy-
gen demand (COD), temperature. 2) Radioactivity control of fluids
(NORM waste) before discharge is imposed.

Germany (Rybach, 2003) No Water used for balneology cannot be reinjected.
Hungary (Rybach, 2003;
German Environment
Agency (UBA), 2011;
Skog, 2019)

Yes 1) Water produced for greenhouse and space heating has to be rein-
jected. Reinjection of water used for balneology is prohibited. 2)
Discharge into natural surface system is allowed after comprehensive
quality-quantity check and treatment procedures. 3) Increased fees
for the discharge of thermal water into surface water exist to promote
reinjection.

Iceland (Kallesøe et al.,
2021)

No 1) In high-enthalpy reservoirs, reinjection is mostly used for the re-
source and environmental preservation. 2) Regulations on environ-
mentally hazardous content exist. 3) Water from low-enthalpy re-
servoirs can be freely discharged into surface waters. 4) Due to low
chemical content, water does not pose an environmental threat. 5)
Limits on drawdown are established.

Italy (Manzella et al.,
2021)

Yes Discharge to surface/shallow ground water is not allowed in Tuscany.
Geothermal fluid is reinjected into the reservoir.

Continued on next page
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(Continued from previous page)
Country Obligatory re-injection? Regulations on discharge of produced water
Netherlands (Dutch
Government, 2024,
2025)

Implied 1) Permits are needed for discharge into surface water system or sewer
system, which are only granted under strict environmental conditions,
which would not usually be met with geothermal waste water, usually
meaning that reinjection is the only viable option. 2) Reinjection is
allowed with a permit which specifies safe conditions.

Philippines (Skog, 2019) No Reinjection is an operational requirement for geothermal fields due to
environmental protection of agricultural areas.

Switzerland (Rybach,
2003)

No Water management laws are determined individually by cantons.

USA (Skog, 2019) Yes Framework is defined individually by the states. For example, in Cali-
fornia reinjection is obligatory to get full property rights.
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Field experience has shown that re-injection does not only satisfy the environmental
regulations, but also has a positive influence on extraction well productivity. Today,
re-injection is widely applied for the following reasons (Kaya et al., 2011):

(1) Produced water disposal due to environmental reasons and regulations.

(2) Recharge of the reservoir/aquifer.

(3) Pressure compensation to account for fluid extraction and to prevent subsidence.

(4) Enhancement of thermal extraction from over- and underlying formations.

(5) Thermal storage.

2.3. INJECTIVITY DECLINE DURING RE-INJECTION
One key issue that determines the success of re-injection, thus of the whole geothermal
project, is to achieve and maintain injectivity, generally represented by injectivity index
(the ratio of mass injection rate to pressure change, which can be represented by the
wellhead pressure), at acceptable level. However, ensuring long-term good injection per-
formance is non-trivial. In many geothermal fields where re-injection has been applied,
continuous decreases in injectivity have been recorded. For example, significant injec-
tivity decline were reported in Veysey Well 1 (49.41 m3/(h · MPa) to 12.52 m3/(h · MPa))
in the Imperial Valley (Messer et al., 1978), California, in Melleray doublet (21.25 m3/(h ·
MPa) to 6 m3/(h · MPa)) (Boisdet et al., 1989), France, and in Well Gt NG 2/89 (220 m3/(h ·
MPa) to 124 m3/(h · MPa)) (Birner et al., 2015), Neustadt-Glewe, Germany, where all the
reservoirs are sandstone formation and the flow is dominated by matrix. In some extreme
cases, poor injectivity performance has led to the abandonment of the wells (Ungemach,
2003; Markó et al., 2024), or even the shutdown of the whole geothermal project, such as
the Klaipeda geothermal plant in Lithuania, of which the operating company declared
bankruptcy in 2017 (Guinot & Marnat, 2021). Tab. 2.2 collects geothermal field examples
where decreasing injectivity was observed.

In the Netherlands, injectivity problems are often noticed and reported in, for example,
several doublets in the western basin of the Netherlands, of which the micro-biological
activities and precipitation of carbonates due to degassing of CO2 in the systems are
believed to be the main driven mechanisms (Water Research Institute (KWR), 2015; Croese
et al., 2019).
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Table 2.2: Field examples of changes in injectivity index (II) during reinjection into geothermal reservoirs.

Field example Reservoir
temp.

Re-injection
temp.

Injection pe-
riod

Initial II Ending II Injectivity decline
mechanisms

TR-14, Berlin (LDS),
El Salvador (Castro
et al., 2006)

~290 ◦C 175 ◦C Jul. 1998 - Oct.
1999

40 kg/s 10 kg/s Silica precipitation
in the reservoir

BR34, Broadlands,
New Zealand (Bois-
det et al., 1989)

> 260 ◦C 94 ◦C Nov. 1978 -
Jan. 1979

4.35
kg/(s·bar)

3.48
kg/(s·bar)

Silica precipitation
in the reservoir

KD-1A, Kizildere,
Turkey (Yeltekin &
Parlaktuna, 2006)

195 ◦C (20 - 42) ◦C Nov. 1975 -
Dec. 1975

3.30
kg/(s·bar)

1.90
kg/(s·bar)

Silica scaling

KD-7, Kizildere, Tur-
key (Yeltekin & Par-
laktuna, 2006)

205 ◦C (97 - 98) ◦C Jun. 1995 -
Aug. 1995

0.73
kg/(s·bar)

0.19
kg/(s·bar)

Calcite scaling and
consequent fines mi-
gration

R1, Otake, Japan (Itoi
et al., 1989)

(120 - 162) ◦C (50 - 80) ◦C Oct. 1983 -
Jan. 1986

148.62
kg/(s·bar)

1.39
kg/(s·bar)

Silica scaling in the
well

R2, Otake, Japan (Itoi
et al., 1989)

(120 - 162) ◦C (50 - 80) ◦C Jul. 1984 - Sep.
1986

91.39
kg/(s·bar)

27.20
kg/(s·bar)

Silica scaling in the
well

Nag-67, Tiwi, Philip-
pines (Ontoy et al.,
2003)

260 ◦C (152 - 171) ◦C 1989 - 1999 9.13
kg/(s·bar)

1.30
kg/(s·bar)

Silica scaling in the
well

Veysey, North Braw-
ley, U.S. (Messer
et al., 1978)

(149 - 204) ◦C - Nov. 1975 -
Dec. 1976

1.00
kg/(s·bar)

0.35
kg/(s·bar)

Silica scaling and
consequent fines
migration

Continued on next page
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(Continued from previous page)
Field example Reservoir

temp.
Re-injection
temp.

Injection pe-
riod

Initial II Ending II Injectivity decline
mechanisms

Gt-NG 2/89,
Neustadt-Glewe,
Germany (Dieu-
donné et al., 2015)

99 ◦C 30 ◦C 2007 - 2012 6.11
kg/(s·bar)

3.44
kg/(s·bar)

Sulphate scaling and
consequent fines mi-
gration

KGDP-1I, Klaipeda,
Lithuania

36 ◦C 11 ◦C 2002 -2015 1.58
kg/(s·bar)

0.36
kg/(s·bar)

Gypsum
precipitation and
migration of
corrosion products

KGDP-4I, Klaipeda,
Lithuania

36 ◦C 11 ◦C 2002 -2015 8.58
kg/(s·bar)

0.31
kg/(s·bar)

N/A (Triassic sedi-
ments), the Nether-
lands (Croese et al.,
2019; Kottsova et al.,
2022)

(80 - 84) ◦C (30 -40) ◦C 2017 -2019 2.4 kg/(s·bar) 1.1 kg/(s·bar) Corrosion + biologi-
cal clogging of the
well
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Injectivity decline results in one or more of several possibilities: (i) less water injected
with the same amount of produced water, (ii) a lower production and injection rate, or (iii)
increased injection pressures to allow the same amount of water to be injected. For the
first item, there would be less fluid pressure in the reservoir, with a potential consequence
of land subsidence. For example, significant subsidence due to lowered reservoir pressure
have been reported in Wairakei, Broadlands and Kaweru fields, New Zealand, among
which the most serious subsidence (>14 m) has been observed in the Wairakei field
since its operations (Allis, 2000). Another risk related to lowered reservoir pressure is the
possibility of invasion of colder ground water, leading to early thermal breakthrough (Skog,
2019). Additionally, lower re-injection rates directly impact production rate, especially
for hot dry rock reservoirs which lack both in-situ fluids and rock permeability and thus
cannot be efficiently exploited without sustainable re-injection. Both imbalanced re-
injection or higher injection pressures can also increase the potential for micro-seismicity.
Of course, reducing both production and injection, has significant effects on the economic
performance of a geothermal project.

There is a typical reduction of injectivity with a decrease of the temperature of injected
water due to the impact of the increase in viscosity (in some cases, e.g. in the 2012
injection test in Groß Schönebeck (Blöcher et al., 2016), viscosity decreased due to a
reduced salt concentration despite the decreased temperature) and thermal shrinkage
of the matrix. This is an unavoidable part of a geothermal project where fluid with
a reduced temperature is injected. These processes are, in principle, reversible with
a subsequent increase in temperature. However, the main process for a permanent
reduction in injectivity is clogging. Several studies investigated specific aspects of clogging
mechanisms during geothermal operations (Song et al., 2020; Kamila et al., 2021).

Primary clogging mechanisms can be divided into three groups based on the nature
of the responsible processes (Fig. 2.1): a) physical processes, related to the migration of
particles; b) chemical processes, caused by chemical reactions; c) biological processes as
a result of bacterial activities. There are, however, processes which could be caused by
different mechanisms or a combination of those, such as corrosion, they are therefore
highlighted separately. Clogging processes occur at different stages of geothermal system
operation, shown in Fig. 2.2, and will be described in detail in the following sections.
While it is mostly clear, where each type of clogging occurs, the time scale can rarely be
stated uniformly due to inability to track processes inside the porous media. Physical
clogging by external fines has been reported to usually be the first one observed, while
clogging due to chemical reactions may take a longer time (Rinck-Pfeiffer et al., 2000).

2.3.1. PHYSICAL PROCESSES

Physical clogging has been identified as one of the primary mechanisms and also most
common mechanism of injectivity decline in geothermal reservoirs for some decades
(Song et al., 2020). It was first observed in the early 1980s in the Paris basin, where
severe clogging problems led to abandonment of several injection wells (Ungemach,
2003). Several different processes can be distinguished within physical clogging, such
as migration of injected fines, internal particles transport (due to changes in pH and
salinity and due to high flow rate) and clay swelling, shown in Fig. 2.3 (Bennion, 2002). It
is important to mention, that the last two occur as a combination between physical and



2

26 2. LITERATURE REVIEW

Caprock

Reservoir

Surface network

Heat exchanger

Filter Filter

Figure 2.2: Schematic diagram of clogging at different stages of re-injection.

chemical processes. Two other mechanisms, excluded in the figure, are water viscosity
decrease and thermal shrinkage of the matrix due to lower temperature of reinjected fluid.

External fines
entrapment

Internal fines
migration

Clay swelling

Figure 2.3: Schematic diagram of physical clogging processes.

The most common and first observed among the mentioned physical processes is
external particle entrapment (Rinck-Pfeiffer et al., 2000). Generally, suspended particles
exist in produced water despite complex filtration systems and are, therefore, reinjected
into the reservoir (Moghadasi et al., 2004). Migrating particles can have different shapes,
densities and sizes, which also influences their entrapment. Such entrapment could
happen at different locations in the formation. Primarily, they can accumulate at the
wellbore face, forming a filter cake or narrowing the wellbore (Ungemach, 2003). Similarly,
fines may block the perforations. Finally, as particles migrate with fluid flow inside the
porous media, they could induce permeability impairment inside the reservoir.

It has been traditionally accepted that at a ratio of particle size to pore diameter
smaller than 1/7, no clogging occurs at smaller injection volumes. However, at large
injected volumes this rule of thumb may not be satisfied [90]. Particles with smaller
size distribution (starting from 5% to 7% of pore throat diameter) can also contribute to
clogging if they form bridges due to electrostatic and van-der-Waals interaction (Bennion,
2002). Larger injected particles block the pores due to the size exclusion mechanism. Size
distribution also influences the penetration depth of such particles. Wang et al. (2012)
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in experiments with a seepage column of plexiglas identified 1 cm penetration depth for
particles with sizes in the range of 0.075 to 0.0385 mm and 2 cm depth for fines smaller
than 0.0385 mm. In most cases the depth of damage by external particles does not exceed
1–2 cm (Bennion, 2002).

Besides external particle entrapment, interaction of internal particles with injected
fluids could also damage the injectivity as a result of particles detachment, migration
and precipitation(Yuan & Wood, 2018). Detachment and adsorption of internal fines is
controlled mainly by the equilibrium between electrostatic force and drag and lifting
forces.

Electrostatic forces acting on particles can be influenced by pH and salinity variations.
Mineralogical composition of most sandstone aquifers includes various types of clays.
Clay minerals are very sensitive to the ionic strength and pH of injected fluids, as they may
deflocculate or, on the contrary, form aggregates inside the porous media (Rosenbrand
et al., 2015). This problem is less common for the reinjection processes in geothermal
operations, as the primary chemical composition remains unchanged. However, when
fluids from external sources are injected, e.g. at Broadlands in New Zealand where
cold river water was used (Horne, 1982), permeability could be damaged due to the
incompatibility between injected and in-situ fluids. In addition, surface processes of
scaling or gas dissolution might decrease the salt concentration, and bacterial activity
can lead to changes in pH. These fluctuations can cause destabilisation of clay systems
and, consequently, fines migration and pore blockage.

Furthermore, drag forces acting on internal particles can be influenced by injection
parameters, such as rate of fluid circulation or dynamic viscosity (Song et al., 2020;
Ungemach, 2003). It was identified that an individual critical flow rate exists for each
formation, which, if exceeded, can lead to internal fines detachment and migration
(Nguyen et al., 2021). For sandstones, critical flow rates in the order of 0.01 m/s have
been reported, however, the rates are reservoir-specific (Nguyen et al., 2021; Ochi &
Vernoux, 1998). Consequently, optimal flow rate is expected to avoid fines detachment
and migration and, at the same time ensure efficiency of geothermal production.

Similar processes also influence the swelling of clays, a phenomenon of significant
increase in clay volume due to water invasion into layered structure of clay minerals,
especially for the montmorillonite group. Up to 6 times increase in clay volume could
be induced as a result of water penetration, causing severe permeability impairment
(Shirazi et al., 2010). Similarly to fines migration, if the composition of the reinjected
water remains the same, clay minerals might not be affected. However, scaling during
production could lower the salinity of reinjected fluid, thus leading to clay swelling.

Physical clogging can also be a result of gas entrapment. This can occur due to poor
isolation in surface equipment and consequent air leaks, or biological activity in the
reservoir (Bouwer, 2002). Gas clogging is highly influenced by pressure and temperature,
although these are typically associated with production. For example, pressure drop or
temperature increase can lead to gas exsolution from the infiltrated fluid inside the porous
media (Bouwer, 2002), and pressure fluctuations during production can also lead to gas
bubbles formation, reduce rock permeability and disturb the fluid flow (Boeije et al., 2022).
Furthermore, gas exsolution in the production casing can disturb the thermodynamic
equilibrium of the geothermal fluid and consequently induce mineral scaling (Köhl et al.,
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2020).

2.3.2. CHEMICAL PROCESSES
The problem of scaling and precipitation is quite common for geothermal fields. It
was first recognised in the 1980s when serious scaling in the production equipment was
noticed at geothermal sites (Portier et al., 2009). Around the same time, wellhead injection
pressure rise was linked to fluid-reservoir incompatibility which resulted in precipitation
and blockage (Ochi & Vernoux, 1998). Even though previous studies mostly concentrated
on the scaling problems in production lines and power plants, precipitation can also
occur in the reservoir pore space during reinjection processes (Brehme et al., 2018; Köhl
et al., 2020). Many field studies report scaling in production and power plant equipment
(Pambudi et al., 2015; Haklıdır & Balaban, 2019). The basic reason for chemical clogging
processes is thermo-dynamic equilibrium shift due to changes of external parameters
(Markó et al., 2021). Precipitation and dissolution are the main chemical processes
influencing injectivity, as shown in Fig. 2.4.

Figure 2.4: Schematic diagram of chemical clogging processes: 1 - dissolution (e.g. of calcite) increases pore
space, 2- precipitation (e.g. of barite) decreases pore space.

Scaling can significantly decrease well injectivity and reduce operation efficiency
(Haklıdır & Balaban, 2019). The most common natural mineral that could form scales
is silica, followed by carbonates and sulfates (Dempsey et al., 2012; Qazvini et al., 2021).
Stability of these minerals can be assessed by the saturation index (SI). It shows if a mineral
tends to be dissolved or precipitated in water under certain conditions and is influenced
by ionic concentration, temperature and pressure (Qazvini et al., 2021). At SI < 0 a mineral
is dissolved (under-saturation), at SI > 0 a mineral precipitates (super-saturation), while
at SI = 0 water and minerals are in equilibrium.

SI is strongly temperature- and pH-dependent. Due to temperature changes during
production, gas and vapor are released and the brine composition changes, which can
lead to brine super-saturation (Setiawan et al., 2019). The injection temperature optimal
for scaling prevention is highly dependent on the reservoir conditions and may signifi-
cantly vary between 130 ◦C – 170 ◦C for hot reinjection systems and 30 ◦C – 80 ◦C for cool
injection in case of silica scaling (Kamila et al., 2021).

Haklıdır & Balaban (2019) studied precipitation tendency for high-temperature geo-
thermal fields. They calculated saturation indices for different minerals at a temperature
range from 50 ◦C –250 ◦C. The curves for amorphous silica show that sampled fluids are
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generally supersaturated at temperatures lower than 100 ◦C – 150 ◦C. Calcite, on the other
hand, showed a high scaling risk, as fluids are supersaturated in the whole temperature
range studied. Fluids with anhydrite and gypsum showed low risk for operations at tem-
peratures >50 ◦C. Massive gypsum precipitation, however, has been reported at lower
temperatures at a power plant in Lithuania operating at 11 ◦C – 40 ◦C (Brehme et al.,
2019).

The influence of pH on silica precipitation kinetics has been reviewed by Cornet &
Jianmin (1995). They showed that the rate of silica polymerization and, consequently,
precipitation also increases as a result of ionization of silica with pH, especially at high
pH from 7.8 to 9.8 (Cornet & Jianmin, 1995). Therefore, operating with a pH 7 or lower is
generally considered to mitigate silica polymerization kinetics.

Apart from natural mineral deposition, metal precipitation from geothermal brine
can also occur. For example, lead scaling has been reported in several cases with high
concentration of lead ions in formation water (Bressers & Wilschut, 2014; Holl et al., 2003).
This scaling is caused by redox reactions, where lead ions oxidized metallic iron, resulting
in deposition of metallic lead (Bressers & Wilschut, 2014).

Another major chemical process is mineral dissolution due to rock-fluid interactions
(Fig. 2.4), e.g. dissolution of calcite or muscovite near the wellbore zone (Chen et al.,
2020). The dissolution of minerals leads to an increase in ionic concentration of the
flowing brine, which along with the reduced temperature of the injected fluid can result in
secondary precipitation further inside the reservoir (Rinck-Pfeiffer et al., 2000). Chen et al.
(2020) modelled the balance between dissolution and precipitation in a granitic reservoir
with SO4·Cl–Na reservoir fluid type and showed that the balance can be achieved at 35 ◦C,
thus minimising porosity and permeability variations.

Moreover, corrosion also influences the efficiency of geothermal operations. Corro-
sion refers to metal deterioration as a result of reactions between metals within engineered
systems (e.g. tubulars) and geothermal brines. Various types of corrosion can be defined
based on the agents causing chemical reactions: oxygen, hydrogen, chloride and others
(Corsi, 1986). One of the major reasons for corrosion is saturation of brine with oxygen at
different stages of geothermal operations, e.g. in the reinjection line, which further oxidi-
zes Fe2+ to Fe3+ and leads to precipitation. It has been observed that the concentration of
Fe3+ ions increases from the production to the injection site (Brehme et al., 2018). The
presence of chloride ions also enhances corrosion, even at temperatures less than 50 ◦C.
Moreover, increase in concentration of hydrogen ions, i.e. decrease of pH level may also
promote corrosion. Production of hydrogen sulphide (H2S), due to bacterial activity, is a
common example of this process (Veldkamp et al., 2016a).

If the corrosion products are not filtered completely in the power plant, they could
further migrate with the fluid flow into the reservoir and become a source of clogging as
external fines. Some studies show that corrosion products make up to 60% of the external
fines (Brehme et al., 2018).

2.3.3. BIOLOGICAL PROCESSES

Bacterial clogging has been reported widely at geothermal sites, sometimes quite severe
with permeability impairment up to 4 orders of magnitude (Thullner, 2010; Newcomer
et al., 2016; Brehme et al., 2018; Burté et al., 2019). Such clogging primarily occurs in
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the near-wellbore zone but it has also been reported in the surface equipment, and
thus can further be transferred into the reservoir during reinjection (Rinck-Pfeiffer et al.,
2000; Feng et al., 2021). Several mechanisms of bacterial clogging have been observed
(Baveye et al., 1998; Song et al., 2020; Bennion, 2002), as is illustrated in Fig. 2.5. Bacterial
cells can accumulate in porous media: an increased concentration of organic matter
on the rock surface leads to biofilm formation and impedes fluid flow. In addition,
accumulated bacteria secrete high amounts of viscous polymer by-product as they grow
(Rezaeizadeh et al., 2021). This polymer increases the viscosity of moving fluids with
decreased temperature due to reinjection and thus can decrease permeability (Song et al.,
2020). Furthermore, bacterial activity could promote scaling, e.g. iron oxide, and gas
entrapment, e.g. H2S, which could also reduce permeability.

Biofilm formation Polymer byproduct
and/or entrapped gas

Figure 2.5: Illustration of biological clogging processes.

Generally, two different sources of bacteria can be defined. Primarily, groundwater
may already contain anaerobic bacteria. Sulphate-reducing bacteria (SRB) are the most
common anaerobic bacteria in the subsurface, they can produce H2S, which leads to
further problems (Baveye et al., 1998): a) it decreases the pH and shifts thermodynamic
equilibria of geothermal fluids; b) the produced gas can accumulate in bubbles, which,
if large enough, can block porous channels; c) H2S promotes oxidation of iron and
magnesium irons, which can cause severe corrosion and produce dispersed scaling in
the system (Brehme et al., 2018). Burté et al. (2019) also reported that deposits produced
during these reactions promote further microbial activity on the surface, thus aggravating
the clogging process. Secondly, external aerobic bacterial cells can be accumulated during
production, separation and reinjection processes. Their growth is mainly promoted due
to contact with oxygen, e.g. during pumping (Gino et al., 2010).

Bacterial activity is greatly influenced by the temperature variations. Generally, this
activity is observed at temperatures lower than 90 ◦C (Bennion, 2002). SRB’s activity
has been reported for temperatures up to 80 ◦C (Rosnes et al., 1991). Even thermophilic
bacteria are active at temperatures of 85 ◦C–93 ◦C (Rosnes et al., 1991). It can therefore be
assumed that these bacteria are not active in high-enthalpy reservoirs, but might start
their activity in the power plant and reinjection systems. In middle- or low-enthalpy
geothermal systems, these bacteria are common and often cause clogging problems.
Ma et al. (2021) investigated SRB in hot springs and identified their peak activity at
temperatures between 30 ◦C–80 ◦C, depending on the population. Brehme et al. (2018)
reported increase in bacteria population by a factor of 2.7 as a result of optimal growth
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environment over several years in the low-enthalpy Klaipeda reservoir. However, the main
bacterial activity was related to the surface infrastructure of the power plant, rather than
the reservoir. The growth of bacteria in the power plant infrastructure, in combination
with viscosity increase due to lowering of the temperature could cause obstructions of
flow paths and injectivity problems.

Different types of clogging can occur in the geothermal reservoir, and many of them
are coupled processes, occurring simultaneously or consequently. Ma et al. (2017) made
a comparison between different types of clogging at the same temperature of 70 ◦C. It
showed highest permeability reduction by chemical clogging, being 15.3%, followed by
clogging by suspended particles at 12.6% and microbial clogging with 11.2% damage.
Studying the combination of these effects and the prediction of total damage to the
reservoir is a comprehensive task still to be solved.

2.3.4. STRATEGY TO AVOID AND RECOVER INJECTIVITY DECLINE

As discussed above, physical, chemical and biological clogging occurs as a result of incom-
patibility between injected fluids and targeted reservoirs, leading to injectivity decline. A
thorough investigation of the characteristics of injected fluids (pH, compositions, solid
contents, temperature, etc.) and targeted reservoirs (porosity/permeability distribution,
in-situ temperature and pressure, brine compositions, mineralogy, etc.) is therefore ne-
cessary before operations. Based on the detailed understanding of the speciality and
characteristics of injected fluids and targeted formations, actions can be taken before
reinjection operations to avoid injectivity decline and during reinjection to recover injecti-
vity if it has been damaged already. Several studies have provided comprehensive reviews
of the clogging prevention and control measures throughout the reinjection cycle (Jeong
et al., 2018; Yoshitaka et al., 2021; Wang et al., 2023). Here the most common methods
applied as well as some new proposed techniques are discussed.

As shown above, particle entrapment is one of the most common causes of damaged
injectivity. Primarily, filtration systems allow the removal of most particles in the reinjec-
tion water. Additionally, monitoring the particles at key locations allows knowledge of
where the particles are produced and thus prevents particle entrapment in the wellbore,
perforation holes or near-field formation (Kindle et al., 1984). Kindle et al. (1984) provided
a general guideline for preventing particle entrapment, i.e. particles with a diameter
between 0.45 µm and 10 µm should be removed from the injected water. Depending on
the solid contents and particle size, different technologies can be used to remove the
particles, including gravity separation, centrifugation and filtration.

The ‘backwashing method’ can also be used to remove an external filter cake if it
has formed with a reversed flow in the well, while acid treatment can be used to clean
the near-wellbore zone (Diaz et al., 2016; Ungemach, 2003). However, interaction of
different reservoir minerals with acid might lead to scaling and further clogging (Portier
et al., 2009), thus care should be taken. This can be eliminated with the use of suitable
chemical additives, aimed at preventing chemical reactions in the reservoir. Clogging
due to clay swelling can be avoided by adding clay swelling inhibitors, such as potassium
chloride (KCl) if the formation is proven to be clay-rich. If clay swelling already occurs,
strong acids, alcohols or certain ketones can be added to mitigate the effects (Kindle
et al., 1984). Prevention of scaling and precipitation can be performed with different
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strategies, depending on the type of scaling. To prevent the migration of scales into the
reinjection system, cooling ponds or precipitation basins can be installed and scaling
inhibitors can be added (Kamila et al., 2021), typically in high-enthalpy reservoirs due
to larger temperature gradient and changes in chemical composition of in-situ brines
(Setiawan et al., 2019; Yanaze et al., 2019). Controlling the injection temperature above a
certain value to keep silica concentration below the amorphous silica saturation level is
another widely-used approach to avoid silica scaling (Kindle et al., 1984).

Pressure control is an effective method to avoid carbonate scaling by keeping CO2 in
solution, thus maintaining mineral solubility (Finster et al., 2015). Additional injection of
CO2 can not only be used to control the pressure but also to shift the chemical equilibrium
of carbonate, thus avoiding or mitigating the carbonate scaling. Modification of the pH
level is another approach, particularly common for silica scaling prevention (Finster
et al., 2015), as it strongly influences the rate of scale formation. However, acid-related
corrosion is a major concern of this technique.

Corrosion prevention is commonly done with the use of different chemical inhibitors.
However, various temperature and pressure conditions in geothermal reservoirs challenge
the selection of working chemicals. New methods aimed at removing iron from the
geothermal fluid are also being developed, such as oxidation and filtration (Kalvani et al.,
2021), ultrafiltration or usage of bioadsorbents (Tang et al., 2021; Fujita et al., 2022).

Control of biological clogging can be challenging. One of the main challenges is the
need for a detailed classification and characterization of bacteria in specific geothermal
fluids (Feng et al., 2021). Where there is a potential identified for biological clogging,
minimization of such clogging is usually achieved by addition of bactericides, which
requires extensive laboratory pre-testing, e.g. on fluid compatibility. Reduction of aerobic
bacterial activity can be achieved by operating in closed surface loops without oxygen
contact with water at the surface. Another way is sterilization of injected water, with
chemicals or ultraviolet ray. Ma et al. (2017) observed the positive effect of that method,
as sterilization decreased the microbial clogging rate from 15.3% to 4.1%.

In general, controlling reinjected fluid composition can help eliminate the negative ef-
fects of fluids incompatibility or thermodynamic effects. This can require comprehensive
expensive laboratory testing, individually for each geothermal reservoir. In the case of
bio-clogging detailed fluid analysis and time-consuming tests to identify bacteria origin
can be required as well as experiments at the field conditions.

To the best of authors’ knowledge, despite the development of advanced reservoir
properties evolution models, no uniform system exists for prediction of the effect of
different clogging mechanisms during well operation. Both experimental and numerical
research, combined with field testing are required to approach this challenging task,
aiming to predict and prevent injectivity decline in geothermal wells.

2.4. INJECTIVITY ENHANCEMENT DURING RE-INJECTION
Previous discussions have shown that injectivity is strongly temperature-dependent,
mostly because chemical clogging and biological activities can be triggered at lower tem-
peratures, as well as increasing viscosity of colder injected fluids can largely increase flow
resistance. However, some field experiences have illustrated the positive effects of lower
injection temperatures on injectivity, such as the injectivity increases observed during
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cold water injection into well Th2 in the central Molasse basin (Germany) (Baumann
et al., 2017), HN-09 in Hellisheiði field (Iceland) (Gunnarsson, 2011) and MK-20 in Mokai
field (New Zealand) (Grant et al., 2013)]. Tab. 2.3 summarises field examples where unin-
tentional injectivity enhancement has been observed as a result of re-injection of cold
water. Such an unintentional increase in injectivity is helpful for energy saving, as lower
injection pressures are then possible.

Although the potentially positive consequences of cold water injection have been
well recognised and applied in thermal stimulation in deep geothermal reservoirs, it is
often not easy to identify the predominant mechanisms for each specific reservoir during
regular injection, as the mechanisms depend on the reservoir characteristics, e.g. fracture
or non-fracture, in-situ temperatures and rock types.
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Table 2.3: Field examples where unintentional increasing injectivity was observed during reinjection

Field example Reservoir
temp.

Re-injection
temp.

Injection period Initial II Ending II

Th2, Molasse, Germany
(Baumann et al., 2017)

105 ◦C 60 ◦C Jan. 2006 - Jan.
2012

0.8 kg/(s·bar) 1.3 kg/(s·bar)

BR7/BR23/BR28, Broad-
lands, New Zealand
(Clotworthy, 1989)

272 ◦C 98 ◦C June 1979 - Increase in II reported

KD-1A, Kizildere, Turkey
(Yeltekin & Parlaktuna,
2006)

195 ◦C (20 - 42) ◦C Nov. 1975 - Dec.
1975

3.30 kg/(s·bar) 1.90 kg/(s·bar)

HN-09, Hellisheiði, Ice-
land (Gunnarsson, 2011)

~250 ◦C (15/90/120)
◦C

Feb. 2009 4.50 kg/(s·bar) 5.20 kg/(s·bar)

OK-2, Southern Negros,
Philippines (Dobbie
et al., 1982)

257 ◦C - Apri. 1981 - Dec.
1981

1.3 kg/(s·bar) 2.5 kg/(s·bar)

4R1, Tongonan, Philippi-
nes (Horne, 1982; Dob-
bie et al., 1982)

324 ◦C 170 ◦C Feb. 1978 - Dec.
1981

2.3 kg/(s·bar) 13 kg/(s·bar)
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2.4.1. INDIVIDUAL MECHANISMS
There are four main possible physical mechanisms for thermal enhancement of permea-
bility, as is shown in Fig. 2.6: a) re-opening of pre-existing fractures, b) shear dilation of
pre-existing fractures, c) new thermal fractures, d) secondary thermal fractures perpendi-
cular to main fractures. In addition, the condensate of steam in high enthalpy reservoirs
containing two-phases of water, increases water saturation thus increasing relative perme-
ability of water can contribute to increasing injectivity. This has been observed through
decreasing injection pressure while re-injection into BR7 in the Broadlands field already
in 1981 (Horne, 1982). In addition, although cleaning of debris or mineral precipitation
from near-field fractures is also believed to contribute to injectivity enhancement during
re-injection, it occurs most likely when injection/stimulation tests are carried out imme-
diately after drilling, e.g. stimulation operations at the Reykir geothermal field in Iceland
in 1970s (Axelsson et al., 2006).

Re-opening

New fracture

Shear dilation

Secondary cracks

 a)  b)

 c)  d)

Figure 2.6: Four mechanisms of thermally induced permeability increase during reinjection.

The re-opening of pre-existing fractures is a result of cooling thus contraction of
the rock matrix (Grant et al., 2013), as well as the increase in fluid pressure in fractures,
which is confirmed by various numerical simulations (Ghassemi, 2012; Koh et al., 2011).
In subsurface, rocks are laterally constrained. Thus, once the rock matrix is cooled
down, thermal stress increments occurs in the tensile direction, pulling the fracture
faces apart. The thermally-induced tensile stress increments reduce the stresses at the
contacting asperities of pre-existing fractures, increasing permeability. High stresses at
contacting asperities has been shown experimentally to cause pressure dissolution creep
that can lead to further decreasing fracture permeability (Yasuhara et al., 2011; Faoro
et al., 2016). The re-opening of pre-existing fractures is considered to be underlying the
increase in injectivity of wells BR13 and BR23 from the Broadland field, New Zealand,
during the reinjection in 1980 (Grant et al., 2013), as well as the success of thermal
stimulation of the KJ-14 well in 1980 (Krafla, Iceland) (Siratovich et al., 2011). The increase
in injectivity caused by re-opening pre-existing fractures is often reversible (e.g. BR23
showing reversible injectivity changes) (Grant et al., 2013), which means injectivity will
decrease if reinjection stops and increase again if reinjection re-starts. However, during
cyclic injection, irreversible injectivity changes may be caused by frictional and mating
effects on fracture surfaces (Lima et al., 2019).

In contrast, increase in injectivity caused by shear dilation is irreversible as observed
during an injection test in GPK1 at Soultz Hot Dry Rock (HDR) site (Evans et al., 2005), and
a low-pressure stimulation in NWG-55-29 at Newberry Volcano EGS site (Cladouhos et al.,
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2016). The fracture aperture increases as a result of self-propping of fracture asperities(Fig.
2.6). The irreversible increase in permeability is also confirmed in laboratory tests on
granite rocks (Vogler et al., 2016; Ye & Ghassemi, 2018). However, no change or even
decrease in permeability has been observed during shearing tests on low-porosity sands-
tone samples, likely due to fault core compaction (Kluge et al., 2021). When stimulating
fractured reservoirs, shear dilation is increasingly thought to be the dominant mechanism
(Bijay & Ghazanfari, 2021). Consequently, hydro-shearing now is becoming a popular
stimulation technology with the injection of cold fluids at pressures far below fracture
pressure to shear natural fractures. Although increasing pore pressure is considered as
the primary reason for shear slip of pre-existing fractures, thermal stresses are attracting
more attention as re-injection pressure is generally insufficient to shear natural fractures
(Ghassemi et al., 2007). For instance, modeling results by Jeanne et al. (2014) have shown
that shear failures of pre-existing fractures were induced by thermal contraction around
the wellbore, where strong cooling effects occur during cold water injection into well P32
at Geyser geothermal field, California. Thermal stresses have also been believed to partly
contribute to post-injection micro-seismic events caused by shear slip of fractures/faults,
such as post-injection seismic events at Soultz-Sous-Forêts (Evans et al., 2005) and at
Basel (Häring et al., 2008), since heat transfer in subsurface is much slower than fluid flow
that can induce micro-seismic events right after reinjection.

Thermal fractures are believed to be a result of nucleation, growth, interaction and co-
alescence of micro-cracks, which include inter-granular and intra-granular micro-cracks,
resulting from mismatches of thermal expansion between adjacent mineral particles and
from the temperature gradient in the rock (Wang et al., 1989). New thermal fractures are
most likely induced around a wellbore, where there the highest temperature gradient
occurs. However, secondary thermal cracks that are perpendicular to the main fractures,
shown in Fig. 2.6 (d), can also occur in the deeper reservoir, and have been believed to be
of great importance for increasing injectivity, particularly in EGS (Zhou et al., 2010). For
instance, tracer, micro-seismic and geochemical measurements indicated that thermally-
induced secondary crack growth contributed to the observed reservoir growth during
stress-unlocking experiments at well EE-1 at the Fenton Hill site, New Mexico, where
hydraulic fracturing and sidetracking from the GT-2 well created the primary reservoir
(Tester et al., 1989). However, thermal energy production was only increased by 25%–30%
by means of non-interacting secondary fractures. Numerical simulations by Zhou et al.
(2010) indicate that continuously-growing and interacting secondary fractures, that can
be induced deeply into the reservoir, contribute largely to the increase of injectivity and
energy extraction efficiency.

In summary, injectivity could be influenced by various processes during operations
and the injectivity decline, which is often reported, can endanger geothermal projects.
Disturbances in temperature, pressure, stress field and chemical composition in geother-
mal reservoirs due to re-injection could trigger complex coupled processes (physical,
chemical, biological or a combination of them) that influence injectivity. Fig. 2.1 summa-
rises the processes that can either deteriorate or enhance injectivity during re-injection.
Those processes affecting the near-wellbore area largely control the overall injectivity,
and should be considered prior to any operations.
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2.4.2. COMBINED MECHANISMS

Each main mechanism that explains injectivity enhancement during reinjection was
introduced separately in the last section. However, in practice, these processes generally
happen at the same time and are difficult to distinguish from each other. For instance, the
successful stimulation test at KJ-14 at Krafla, Iceland, was attributed to both re-opening
of pre-existing fractures and initiation of new thermal fractures (Siratovich et al., 2011).
Also at the COSO EGS site, evidence for both mode I and mode II fractures have been
reported during stimulation experiments (Ghassemi, 2012). One particular example of
mixed mechanisms is wing cracks, as is shown in Fig. 2.7, an out-of-plane growth of
pre-existing fractures occurring meanwhile shear slip happens. These wing cracks indeed
fail in tension, in the orientation of the most compressive stress (Johnson, 2014). The
mixed-mechanism shear slip and tensile wing cracks have been studied in forward models
to explain the micro-seismic signals during water injection into well P32 at the Geysers
field (Johnson, 2014). Wing cracks were also observed in experimental works by Ye &
Ghassemi (2018), in which the equivalent permeability of the sample was enhanced by
17–35 times as a result of initiation and coalescence of wing cracks.

Inspired by the fact of the mixed mechanisms behind reinjection and stimulation,
mixed-mechanism stimulation (MMS) has been proposed(McClure & Horne, 2014; Nor-
beck et al., 2018), to stress the difference from pure fracturing/shearing stimulation.
Norbeck et al. (2018) believed that the stimulation to Pohang EGS, South Korea, where
operations caused shear stimulation in one well while hydraulic fracturing in another well
located in close proximity and at same depth (Park et al., 2017), rovides possible evidence
for potential MMS success. The idea of MMS is that MMS guarantees interaction and
coalescence of new and pre-existing fractures and the formation of large-scale fracture
networks, which can largely increase flow surface and heat transfer efficiency. Pionee-
ring modelers have worked on MMS to shale reservoirs, but application to geothermal
reservoirs still need to attract attention (Norbeck et al., 2018).

Shear slip

Wing crack

Figure 2.7: Schematic drawing of a shear slip of a pre-existing fracture with wing cracks initiated.

In addition, cyclic stimulation is also gaining popularity due to its management of
the breakdown pressure. Field-scale tests performed on Well PX-1 at the Pohang EGS site
in South Korea has demonstrated that cyclic stimulation scheme was able to improve
the injectivity while managing the largest seismic below the targeted threshold of Mw

2.0 (Hofmann et al., 2019; Zang et al., 2021). Experimental tests have also shown fatigue
damage effects due to cyclic injection to sandstone and granite samples (Patel et al., 2017;
Zhuang et al., 2019b; Kang et al., 2020).
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2.5. CONCLUSION
Reinjection is a key process for geothermal projects that is critical for environmental
and project performance. The injectivity is, however, influenced by various processes
throughout installation and operation. This review provides a comprehensive discussion
on how injection can cause both positive and negative effects. Both effects should be
carefully considered when planning the reinjection strategy. Typically, the injection
temperature is of great importance for both sides, either triggering clogging, which can
reduce injectivity or inducing thermal cracking that may significantly enhance injectivity.

Injectivity can be significantly affected by different clogging processes, which result
in pore blockage and permeability decrease. Three major groups of physical, chemical
and biological processes are distinguished, of which all can be interconnected. Injectivity
impairment reasons are unique to every geothermal field due to different reservoir types
and properties, as well as fluid and rock composition. Different parameters affect indivi-
dual mechanisms, the most common being decreased temperature due to the principle
of geothermal energy extraction. Due to the systems complexity and uniqueness, the
prediction of clogging processes is not a trivial task, especially taking into account the
interconnection between different processes. Even though a variety of preventive measu-
res for maintaining rock permeability has been developed and applied in the geothermal
industry, the problem of clogging is still relevant and requires individual comprehensive
analysis for every case.

Although lowering the injection temperature can trigger various clogging problems
and increase fluid viscosity, leading to increasing flow resistance, injectivity enhance-
ment during reinjection has been widely reported in such cases. Thermally-induced
re-activation of pre-existing fractures and thermal cracking are believed to be the main
reason. While reversible changes in injectivity have been ascribed to re-opening of pre-
existing fractures, irreversible changes are generally owing to shear dilation of pre-existing
fractures and formation of new fractures. However, it is not easy to identify exact stimula-
tion mechanisms for each specific reservoir, as the mechanisms are reservoir-specific and
depending on the reservoir characteristics, e.g. fracture or non-fracture, in-situ tempera-
tures and rock types, and operating conditions. In practice, various processes related to
thermal stresses occur at the same time during reinjection, and it is difficult to distinguish
one from another.

Inspired by the mechanisms behind injectivity enhancement during re-injection of
cold water, mixed mechanism stimulation and soft stimulation have been proposed to
improve the injection performance and/or manage the high injection pressure, which
could potentially induce micro-seismicity. Although thermal stimulation and cyclic
stimulation have been gaining popularity and been performed in laboratory and fields, a
combination of both has rarely been reported and studied. Therefore, this thesis aims to
study the cyclic thermal stimulation strategy to fill this gap.
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COUPLED THM COHESIVE

INTERFACE ELEMENT: THEORY,
VERIFICATION AND QUALITATIVE

VALIDATION

A method is presented in this chapter to simulate coupled thermo-hydro-mechanical
processes, including the re-activation of existing fractures and fracturing of the rock matrix.
The model is based on the finite element method, and utilises a newly developed cohesive
interface element to represent discontinuities. The interface element belongs to the family
of zero-thickness elements and is triple-nodded. It is developed to allow the simulation of
longitudinal and transversal fluid/heat flow. The method is successfully verified against
analytical solutions for hydraulic fracturing (KGD model) and for the thermo-hydraulic
response of a single fracture (Lauwerier’s problem). Qualitative validation is achieved
against experimental data of cold water injection in granite samples.

This chapter has been published in Luo et al. (2025d).

39



3

40 3. COUPLED THM COHESIVE INTERFACE ELEMENT

3.1. INTRODUCTION
In this chapter, a fully coupled THM model using zero-thickness and triple-noded inter-
face elements is developed, on the basis of existing literature (Collin et al., 2002; Lequesne
et al., 2006; Liaudat et al., 2023), to allow the simulation of fracture initiation and pro-
pagation under coupled THM loading. Heat conduction and convection are allowed in
both longitudinal and transversal directions of the interface element, with stabilisation
used for cases with high Péclet number. An elasto-damage law is used to characterise the
mechanical response of the discontinuity, allowing the opening of the interface elements.
This, in turn, leads to strong coupling, as the longitudinal hydraulic conductivity of the in-
terface elements evolves with the opening. In addition, a node-to-node contact approach
is used to pre-determine the contact faces of the interface elements, thus assuring that
the contact faces are pre-determined and accelerating computation, particularly when
interface elements are inserted in between all the continuum elements, as discussed in
the validation example. Compared to the previous work by Liaudat et al. (2023), the cur-
rent work expands the application of the proposed method for geothermal reservoirs and
other cases where coupled THM processes in discontinuities play a key role. In addition,
the substantial verification and validation implemented in this work demonstrates the
performance of the developed method.

The structure of this chapter is as follows: first, a brief introduction to the model-
ling approach is presented, followed by the mathematical formulations for both con-
tinuous and discontinuous media. Subsequently, the code is verified against coupled
thermo-hydraulic and hydro-mechanical analytical solutions to demonstrate its accur-
acy, after which the proposed method is validated against experimental results from a
near-borehole thermal fracturing experiment conducted by Zhang et al. (2019)

3.2. NUMERICAL MODEL

3.2.1. MODELLING APPROACH

Modelling fracture behaviour in continuous porous media (e.g., rock) is a non-trivial task,
as discontinuities break displacement compatibility of standard FEM formulations and
pose strong singularities in the solutions. To mitigate these difficulties, zero-thickness
interface elements, a conceptually simple technique, are used to represent the discon-
tinuities in this work. Interface elements are inserted in between continuum elements
to represent pre-existing or potential fractures, as is shown in Fig. 3.1. A 2D modelling
approach is used, with each interface element having in total 9 nodes, equally distributed
on top, mid, and bottom planes (Fig. 3.1b). For an unloaded interface element, these three
planes coincide in the same position. That means, for instance, that nodes 1t, 1m, and 1b

have initially the same coordinates. This is why this element is called a zero-thickness
and triple-nodded interface element.

The bottom and top faces of the interface element share nodes with the continuum
element with four degrees of freedom corresponding to coordinates x, and y , water pres-
sure pw, and temperature T , while the mid-plane nodes have only degrees of freedom of
water pressure pw and temperature T . In this way, different constitutive laws can be used
for the continuum and the discontinuities, allowing for a more realistic representation of
the heat and fluid flows along and across the fracture. The nodes of the bottom and top
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faces of the interface which are in contact with each other are pre-determined to both
improve robustness and decrease computation. This, however, reduces the amount of
shear displacement possible.

In a previous work, Liaudat et al. (2023) developed a Pneumo-Hydro-Mechanical
Interface (PHMI) element to simulate gas fracturing in saturated clay samples under
isothermal conditions. In this work, theinterface element is further developed to take
into account thermal processes under the assumptions that the material is always water
saturated (i.e., without considering a gas phase). Additionally, the water properties (e.g.,
density and thermal conductivity) are assumed to be linearly proportional to temperature
change. In the following section, the mathematical formulations for both the continuum
and discontinuities are described. The newly developed formulations have been im-
plemented into the FEM code LAGAMINE (Charlier, 1987), in which the formulation of
continuum was implemented by Collin et al. (2002). The finite element procedure of the
interface element, as an example, is presented in Appendix A

(a)

x,  y,  pw,  T

pw,  T

1m 2m 3m

1t 2t 3t

1b 2b 3b

l

n

(b)

Figure 3.1: Finite elements used. (a) Interface elements in between continuum elements to represent pre-
existing or potential cracking paths, and (b) Element node numbering, nodal degrees of freedom and local basis

3.2.2. GOVERNING EQUATIONS FOR THE CONTINUUM POROUS MEDIUM
The governing equations follow the formulation proposed by Collin et al. (2002) Here the
equations with corresponding constitutive laws are briefly introduced.

HYDRAULIC PROBLEM

The water mass balance equation without any internal source or sink reads as follows::

∂(φρw)

∂t
+∇· (ρwvw) = 0 (3.1)

where ρw [kg/m3] is the water density, φ the porosity, and vw [m/s] the Darcy velocity
vector. The latter is in turn defined as:

vw =− K

µw
∇pw (3.2)

where K [m2] is the intrinsic permeability tensor, µw [Pa · s] is the water dynamic viscosity,
and µw = 0.6612(T −229)−1.562, where T [K] is the temperature (Collin et al., 2002). pw

[Pa] is the water pressure.
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MECHANICAL PROBLEM

If equilibrium state is assumed and if gravity is neglected, the equation of momentum
conservation reads as follows:

∇·σ= 0 (3.3)

where σ [Pa] is the Cauchy’s total stress tensor.
The considered mechanical constitutive law for the bulk rock is the classical law

(Jaeger et al., 2009). If compressive stress and strain are defined as negative, the thermo-
poro-elastic constitutive law reads as follows:

∆σ=C ..∆ϵ−α∆pwI −βbKb∆T I (3.4)

where C is the 4th-order elastic stiffness tensor, ϵ is the strain tensor, α is the Biot coef-
ficient, I is the 2nd-order identity tensor, βb is the bulk volumetric thermal expansion
coefficient, and Kb [Pa] is the drained bulk modulus.

THERMAL PROBLEM

Under the assumption of local thermal equilibrium, with no internal source or sink, the
equation of energy conservation reads:

∂[(ρc)bT ]

∂t
+∇·qT = 0 (3.5)

where, (ρcp)b = (1−φ)(ρcp)s+φ(ρcp)w is the bulk volumetric heat capacity (with cp [J/(kg
·K)] being the phase specific heat capacity, ρ the phase density, and the subscripts s and
w referring to the solid and the water phases, respectively), and qT [J/(m2· s)] is the heat
flux vector. The latter is obtained from the following expression:

qT =−λb∇T +ρwcpwqDT (3.6)

where the first term corresponds to Fourier’s law with the bulk thermal conductivity
given by λb [J/(m· s · K)] = (1−φ)λs +φλw, and the second term corresponds to the heat
advection due to water flow.

3.2.3. GOVERNING EQUATIONS FOR THE DISCONTINUITIES
The mechanical and hydraulic governing equations for the interface elements are in-
herited from Liaudat et al. (2023) with the gas phase being neglected. Additionally, the
governing equations for thermal processes are included here. Note that the following
equations are tailored for 2D problems.

HYDRAULIC PROBLEM

The mass balance for water in a differential volume of discontinuity wdl reads:

∂

∂t
(wρw)+ ∂q l

w

∂l
−qb

w −q t
w = 0 (3.7)

where w [m] is the width of the discontinuity, q l
w [kg/(m·s)] is the longitudinal water mass

flow, and qb
w [kg/(m2·s)] and q t

w [kg/(m2·s)] are the transversal water mass flows incoming
to the discontinuity from surrounding continuum medium (Liaudat et al., 2023).
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The mass flows in Eq. (3.7) can be expanded as:

q l
w = ρwv l

w; qb
w = ρwvb

w; q t
w = ρwv t

w (3.8)

where v l
w [m2/s], vb

w [m/s] and v t
w [m/s] are the longitudinal and transversal (top and

bottom) volumetric flows. These flows obtained from the following generalised Darcy’s
law:

v l
w =− t l

µw

∂pm
w

∂l
; vb

w =− kb

µw
p̆b

w; v t
w =− kt

µw
p̆t

w (3.9)

where t l [m3] is the longitudinal hydraulic coefficient, kb [m2] and kt [m2] are the trans-
versal permeability of the interface, pm

w [Pa] is the water pressure at the middle plane, and
p̆b

w [Pa] and p̆t
w [Pa] are the transversal pressure jumps between the bottom and top face

and the mid-plane, respectively. The transversal pressure drops are defined as follows:

p̆b
w = (pm

w −pb
w); p̆t

w = (pm
w −pt

w) (3.10)

where pb
w and pt

w are the water pressures at the bottom and top sides of the discontinuity.
The longitudinal hydraulic coefficient t l is estimated using the Reynolds lubrication

equation, which describes the laminar flow of an incompressible and Newtonian fluid
flowing between two parallel plates (Zimmerman & Yeo, 2000). It reads:

t l = r 3
n

12
+ t l

0 (3.11)

where rn [m] is the normal separation of the interface, and t l
0 [m3] is the initial longi-

tudinal hydraulic coefficient, which makes it possible to assign an initial longitudinal
transmissivity to the discontinuity even if it is closed from the mechanical point of view.
The longitudinal hydraulic coefficient t l, defined in Eq. 3.11, plays the same role in the
hydraulic governing equations of the discontinuity as the intrinsic permeability K in the
hydraulic governing equations of the continuum. Both parameters account only for the
geometrical characteristics of the medium through which the liquid flows, i.e., they are
independent of the fluid properties. The fluid properties (as well as the time dimension)
are introduced via the water dynamic viscosity µw in Eqs. 3.2 and 3.9, for the continuum
and discontinuities, respectively.

The width w will evolve with the normal separation of interface rn:

w = rn +w0 (3.12)

where w0 [m] can be set to be non-zero to assign an initial storage volume to the disconti-
nuity even if it is mechanically closed (Liaudat et al., 2023).

MECHANICAL PROBLEM

The equation of momentum conservation for the interface element reads as follows:

∂σc

∂l
= 0 (3.13)



3

44 3. COUPLED THM COHESIVE INTERFACE ELEMENT

where l is the longitudinal axis of the interface element, and σc = [σn,σl] [Pa] is the
total stress on the interface mid-plane, with σn and σl being the normal and shear stress
components on that plane.

For the mechanical constitutive behaviour of the discontinuity, the bilinear traction-
separation law schematically depicted in Fig. 3.2 is used (Mi et al., 1998; Liaudat et al.,
2023). More advanced constitutive laws can be incorporated easily into the code. This
bilinear law can describe fracture initiation and propagation characterised by six parame-
ters: the maximum tension and shear strength σn0 [Pa], σl0 [Pa], the normal and shear
"cracking"separation rn0 [m], rl0 [m], the normal and shear debonding separation rnc

[m], rnc [m]. The dashed lines in Fig. 3.2 represents the unloading-reloading path when
reaching the relative displacement r∗

n or r∗
l .

In the loading condition, the normal and shear stresses are given by the following
expressions:

σ′
n =

{
(1−D)Kn0rn if rn ≥ 0

Kn0rn if rn ≤ 0
(3.14)

σl = (1−D)Kl0r0 (3.15)

where σ′
n [Pa] represents Terzaghi’s effective normal, defined as σ′

n = σn + pm
w . Kn0 =

σn0/rn0 [Pa/m] and Kl0 =σl0/rl0 [Pa/m] are the initial normal and shear slope respectively.
When an interface element is used to represent natural fractures, the normal slope can
have a physical meaning, interpreted as fracture stiffness, for instance, as a result of
interpenetration of fracture surfaces due to presence of asperities (Cerfontaine et al.,
2015; Lei & Barton, 2022). In the context of this chapter, Kn0 is interpreted as penalty
coefficients, thus allowing negligible interpenetration of fracture surfaces regardless of
their roughness (Cerfontaine et al., 2015). To enforce the contact constraints, the slope
should be set high enough to reduce artificial compliance (Liaudat et al., 2023). However,
the choice of their values is a trade-off between having artificial compliance and having
numerical convergence problems. Additionally, D is the damage variable ranging from 0
(intact rock) to 1 (fully separated fracture). This damage variable evolves as follows:

D = min

(
ω̄

1+ ω̄
1

η
,1

)
(3.16)

ω̄= max(ω) (3.17)

ω= 〈( 〈rn〉
rn0

)β+ (
|rl|
rl0

)1/β−1〉 (3.18)

η= 1− rn0

rnc
= 1− rl0

rlc
(3.19)

where ω is a positive scalar that defines the mechanical degradation of the interface
element for a given normal and shear separations, ω̄ is a history variable that stores
the maximum value reached by ω during the loading history, and 〈·〉 = (·+ | · |)/2 is the
Macaulay bracket (Liaudat et al., 2023). β is a material parameter that characterise the
mixed mode damage and is assumed to be 1 in this work (Liaudat et al., 2023). The above
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equations state that if the separation rn (or rl) is less than the normal crack separation rn0

(or rl0), the damage variable D is then zero. If rn0 < rn < rnc (or rl0 < rl < rlc), D is between
0 and 1, determined by the ratio of (rn − rn0)/(rnc − rn0) and (rl − rl0)/(rlc − rl0). Otherwise
if rn (or rl) is beyond the debonding separation rnc (or rlc), D is forced to be 1, indicating
a completely separation of the interface element.

Moreover, mechanical viscosity is added to the contact stress to resolve the solution
jump that can result in numerical divergence (Lequesne, 2009; Liaudat et al., 2023) :

σ′
n =σn +pm

w +σv with σv = ζ∂rn

∂t
(3.20)

where ζ [Pa · s/m] is the viscosity added to resolve large fast changes in the solution, which
occur faster than the time discretisation, and can cause numerical divergence. The added
viscosity ζ slows down the strain rate and thus stabilised the solution. Detailed discussion
on the solution jumps and how the added viscosity helps mitigate this issue can be found
in other works (Lequesne, 2009; Liaudat et al., 2023).

σ’n

σn0

rn0 rncrn
*

rn
O

A

A'

B

(a)

σ’l

σl0

rl0 rlcrl
*

rl

-rl0-rl
*-rlc

(b)

Figure 3.2: The elasto-damage law (following Liaudat et al. (2023)). (a) normal branch; (b) shear branch. The
dashed line indicating the un-loading/re-loading path after reaching relative displacements r∗n or r∗l .

THERMAL PROBLEM

The conservation of energy, in terms of temperature, applied to a differential volume of
discontinuity wdl reads:

∂

∂t
(wρwcpwT m)+ ∂q l

T

∂l
−qb

T −q t
T = 0 (3.21)

where qs
T [J/(m2· s)] is the rate of change of the heat stored in the discontinuity, q l

T [J/(m

· s)] is the longitudinal heat flow, qb
T [J/(m2· s)] and q t

T [J/(m2· s)] are the normal heat
flows incoming from the surrounding continuum medium via bottom and top faces to
the discontinuity, respectively.

The terms in Eq. (3.21) can be expanded as:

q l
T =−wλw

∂T m

∂l
+cpwq l

wT m (3.22)
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qb
T =−λw

2T̆ b

max(w, w̄)
+cpwqb

wT̆ b (3.23)

q t
T =−λw

2T̆ t

max(w, w̄)
+cpwq t

wT̆ t (3.24)

where T̆ b = T m −T b and T̆ t = T m −T t are the temperature jumps between the bottom or
top face and the mid-plane, with T m, T b and T t being the temperatures at the mid-plane,
bottom and top face of interface element, respectively, and λw is the thermal conductivity
of the water. w̄ is a penalty coefficient to avoid singularity when interface elements are
used to provide potential cracking paths in intact rock. The penalty coefficient should be
as small as possible to reduce the artificial compliance.

3.3. VERIFICATION AGAINST ANALYTICAL SOLUTIONS
Verification is undertaken against analytical benchmarks to verify the reliability of the
proposed model in simulating coupled thermo-hydraulic process in the interface element,
as well as simulating fracturing processes with hydro-mechanical coupling.

3.3.1. THERMO-HYDRAULIC COUPLING IN A SINGLE FRACTURE

VERIFICATION AGAINST LAUWERIER’S PROBLEM

The first example considers heat advection along a single fracture combined with heat
conduction into the surrounding continuum medium. Lauwerier (1955) and Barends
(2010) provided the analytical solution to this problem. In their concept, a homogeneous
fracture with a width w is overburdened and under-burdened by two impermeable rock
matrices with a uniform initial temperature Tini, as schematically depicted in Fig. 3.3a.
Water with a temperature Tinj is injected into the fracture at a constant volume rate. The
upper and lower faces of the fracture are impermeable to water, but heat conduction
into the surrounding matrix is allowed (Barends, 2010). Other assumptions to derive the
analytical solution are listed below:

(1) Temperature across the vertical profile of the fracture is uniform, i.e. no vertical
temperature gradient in the fracture.

(2) Darcy velocity along the fracture is constant.

(3) Density, specific heat capacity, and thermal conductivity of water are constant.

(4) Thermal diffusion and dispersion are neglected in the longitudinal direction;

(5) The domain size is semi-infinite.

(6) The surrounding matrix are homogeneous and isotropic.

With the above concept and assumptions, the analytical solution for the time evolution
of the temperature profile along the fracture is as follows (Lauwerier, 1955; Barends, 2010):

T (x, t ) = Tini + (Tinj −Tini)erfc

 λ
′
x

ρwcpww
√
λ

′vw(vwt −x)/(ρ′c
′
p)

H
(
t − x

t

)
(3.25)
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where, Tini and Tinj are the initial and injection temperature, respectively, ρ
′
, λ

′
and c

′
p

are the density, the thermal conductivity, and the specific heat capacity of the surroun-
ding matrix, respectively, ρw and cpw are the density and specific heat capacity of water,
respectively, vw [m/s] is the Darcy velocity along the fracture, erfc() is the complementary
error function, and H() is the Heaviside function.

impermeable matrix

conduction

conduction

only convection

d𝑇

d𝑧
→ 0

qinj

Tinj

fracture
x, → ∞

z, → ∞

w = 1 mm

(a)

impermeable matrix

conduction

conduction

qinj

Tinj

interface elements
w = 1 mm

5 m

5 m

λ→ 0

fixed T & pw

(b)

Figure 3.3: Description of the problem for (a) analytical and (b) numerical solutions.

To verify the numerical model, the Lauwerier’s problem is considered with the parame-
ters indicated in Table 3.1. The considered numerical boundary conditions are indicated
in Fig. 3.3a. For simulated times of less than 30,000 s, the domain size of 5×5 m2 was
found large enough to neglect boundary effects in the heat transport, thus matching the
semi-infinite domain assumption of the analytical solution. The interface elements, used
to represent the fracture, is placed at the centre of the domain, shown in Fig. 3.3b. Fluid
flow and heat advection are assumed to be unidirectional along the fracture. The trans-
versal hydraulic coefficients are set to zero to match the assumption of null transversal
heat convection. Since the longitudinal heat conduction in the fracture is neglected in
the analytical solution, a very low thermal conductivity of 0.001 W/(m·K) is adopted for
water in the numerical model. The vertical temperature profile in the fracture is assumed
to be uniform (i.e. zero vertical temperature gradient) in the analytical solution, therefore,
in the numerical model following the approach of Barends (2010) a high thermal conduc-
tivity of λw = 10 W/(m·K) for transversal heat flow is used in Equations (3.24) and (3.23).
Additionally, the surrounding matrix is set as impermeable, with heat conduction allowed.
The initial temperature of the domain is Tinj. All input parameters are listed in Table 3.1.
The domain is discretised into 2600 elements, including quadratic continuum elements
and interface elements.

The numerical and analytical results are then compared in terms of the temperature
profile along the fracture at different times(Fig. 3.4a) and the temperature evolution at
positions x = 1 m,1.5 m,2m, and 3 m away from the injection point (Fig. 3.4b). These
plots show an excellent agreement between the numerical and analytical solutions.

STABILISING NUMERICAL INSTABILITIES FOR HIGH PÉCLET NUMBER

It is well known that in convection-dominated transport problems, a high ratio between
advective and conductive heat transport can lead to numerical instabilities, i.e., oscillati-
ons (Pérez Carreras, 2018; Diersch, 2014). Therefore, further consideration and treatment
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Table 3.1: Input parameters for modelling thermo-hydraulic processes in a single fracture

Parameter Symbol Value Unit
Fracture width w 0.001 m
Longitudinal hydraulic coefficient t l

0 10−11 m3

Transversal permeability kb,kt 0 m2

Injection flow rate qinj 0.00001 m3/s
Injection temperature Tinj 303 K
Initial temperature Tini 373 K
Water density ρw 1000 kg/m3

Water viscosity µw 0.001 Pa·s
Thermal conductivity of water λw 0.001 W/(m·K)
Water specific heat capacity cpw 4184 J/(kg·K)
Matrix density ρ

′
2800 kg/m3

Matrix thermal conductivity λ
′

7.7 W/(m·K)
Matrix specific heat capacity c

′
p 850 J/(kg·K)

(a) (b)

Figure 3.4: Comparison of numerical and analytical solutions of Lauwerier’s problem. (a) Temperature distribu-
tion along the fracture; (b) Temperature evolution at different positions.
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are needed to stabilise the numerical solution. In this section, stabilisation of the the
numerical instability is presented, with the results illustrated with the numerical model
in Fig. 3.3b.

The Péclet number for heat transport in a fracture in the longitudinal direction, Pe,
defines the ratio between advective to conductive heat transport:

Pe = ρwcpwhv l
w/w

2λw
(3.26)

where w [m] and h [m] are the width and the longitudinal size of the interface element,
respectively.

In the numerical solution to the heat transfer problem presented in Fig. 3.3b, if the
flow velocity is increased or heat conductivity is reduced, numerical instability can be
observed and found to be related to Péclet number, as shown in Fig. 3.5. If no stabilisation
method is implemented, oscillations will occur once the Péclet number is greater than
1, and the numerical solution will deteriorate with increasing Péclet number. Multiple
methods have been proposed to stabilise the numerical solution, such as upwind Petrov-
Galerkin method and Bubble Functions method (Heinrich et al., 1977; Baiocchi et al.,
1993). However, introducing the weighting function (as in the Petrov-Galerkin method)
or bubble function into the finite element formulation increases computational cost
and can be non-trivial. In addition, implementing these approaches in the current code
would require significant modifications. A simpler method is to add an artificial diffusion
coefficient (λa) to the physical diffusion coefficient (λw), called the Balance Equation
Method (Owen, 1984; Pérez Carreras, 2018). The artificial diffusion coefficient is defined
as:

λa = δρwcpwh|v l
w|/w (3.27)

where δ is a tuning parameter. To stabilise the solution, the Péclet number must always
be smaller than 1, therefore a tuning parameter equal to around 0.5 ensures stability. The
Péclet number after stabilisation is then:

Pe = ρwcpwhv l
w/w

2(λw +λa)
(3.28)

This method is only valid for cases without internal energy sources (or sinks), i.e., the
right-hand side of Eq. (3.21) is 0. Because in our research, generally no internal energy
sources/sinks exist, the balance equation method is implemented here to stabilise the
solution. Temperature profile along the fracture under different Péclet number is shown in
Fig. 3.5, The stabilised solution shows no oscillation even when the original Péclet number
is 100, and meanwhile shows good agreement with non-stabilised solution when Péclet
number is 1. It should be noted that, as is shown in Fig. 3.5a, the added artificial diffusion
can result in slight deviation from the exact solution, due to the added conduction to
achieve stabilisation. Yet, conduction accounts for only small part of the heat transfer
along the fracture and conduction in the matrix is more important. Consequently, the
results remain accepted accuracy.
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(a) Pe = 1 (b) Pe = 10 (c) Pe = 100

Figure 3.5: Temperature profile along the fracture at time step 5000 s, with and without stabilisation. A tinning
parameter of 0.5 is used to stabilise the numerical solution due to high Péclet number in longitudinal heat flow
in a fracture.

3.3.2. HYDRO-MECHANICAL PROCESSES - KGD MODEL
In this example, fracture propagation as a result of localised water injection in an infinite,
homogeneous and impermeable medium without leak-off is considered under plane-
strain conditions. The KGD model (Fig. 3.6a), proposed by Khristianovic & Zheltov (1955)
and Geertsma & De Klerk (1969) has been widely used to verify numerical solutions to
hydraulic fracturing, and is used here to provide analytical solution to the considered
problem. The KGD model assumes a fracture with a rectangular shape in the vertical plane
with an elliptical shape in the horizontal plane, as is shown in Fig. 3.6a. The rectangular
vertical cross section extends from the injection face with the maximum aperture to
the fracture tip with a null width (Geertsma & De Klerk, 1969). Initially, the fracture
is assumed to be without any appreciable opening. At t0 = 0 s, water with a constant
volumetric injection rate Q0 is injected. The injected fluid flows through the fracture
without leak-off into the surrounding medium. The fracture opens and propagates as the
fluid pressure diffuses along the fracture. Other assumptions of the KGD model are (Valkó
& Economides, 1995; Spence & Sharp, 1985; Adachi & Detournay, 2002):

(1) The rock matrix is linear elastic.

(2) The fracture has a constant height in the vertical direction.

(3) The fracture aperture at the fracture tip is zero.

(4) Zero-toughness condition is assumed, i.e., no mechanical energy spent on fracture
propagation;

(5) Zero-lag condition is assumed, i.e., no lag between fluid and the fracture tip;

(6) The flow rate along the fracture is everywhere equal to the injection.

(7) Fluid flow is solved based on lubrication theory.

With the above basic assumptions, Adachi & Detournay (2002) have proposed the
following analytical solutions to obtain the evolution of the half length of the fracture L,
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the aperture at the fracture mouth (at the injection point) rnw, and the net pressure at the
fracture mouth pn,w:

L(t ) = 0.466(
E ′Q3

0

µ
)1/6t 1/3 (3.29)

rnw(t ) = 0.924(
µQ3

0

E ′ )1/6t 1/3 (3.30)

pn,w(t ) = 2.28(E ′2µ)1/3t−1/3 (3.31)

where E ′ = E
1−ν2 [Pa] is the plane strain modulus, with E [Pa] and ν being the the Young’s

modulus and the Poisson’s ratio of the rock matrix, Q0 [m3/s] is the constant volumetric
injection rate, and µ [Pa · s] is the fluid viscosity.

rnw

L(t)

H

(a)

y

x

fracture tip

impermeable matrix

interface elements

σn

(b)

Figure 3.6: Description of KGD model in (a) 3D and (b) 2D (Valkó & Economides, 1995).

To numerically solve the viscosity-dominated KGD problem, a 5 m ×10 m (X × Y,
X is the size in the direction of fracture propagation while Y the size in the direction
perpendicular to fracture propagation) domain with interface elements inserted at the
middle is considered, shown in Fig. 3.6b. The domain size is chosen so that the conditions
Y ≥ 10L(tf) and X ≥ 2L(tf), where tf is duration of the water injection, are met. This
condition was proved sufficient to avoid effects from boundary conditions (Settgast et al.,
2017). Considering only half-wing of the KGD fracture is modelled, the injection rate
in the simulation is Q0ρw/2. To simulate the viscosity dominated condition, the fluid
viscosity is set to 1 mPa · s, while the tensile strength is set to 1000 Pa (Settgast et al., 2017).
Other parameters are presented in Table 3.2.

The simulation results are compared with the analytical solution in Fig. 3.7a to 3.7c. A
good general agreement between the numerical and analytical solutions is appreciated.
The initial increase phase of the simulated pn,w at the beginning of injection observed in
Fig. 3.7a is because in the model the flow rate is linearly increased from 0 to Q0ρw/2 in
a very short time (0.1s). In addition, the deviation observed in all comparisons can be
explained as a result of the assumed fracture shape in the analytical solution and the ability
of the numerical solution to respond to the mechanical perturbation. As stated earlier,
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the analytical solution assumes an elliptic shape along the fracture (rn = rnw

√
1− x

L(t )

(Garolera Vinent, 2017)). However, the numerical model does not give exactly the same
shape, due to the intrinsically imposed geometric restriction at the fracture tip ( drn

d x = 0),
which results in a sigmoid close to the tip (Fig. 3.7d) (Garolera Vinent, 2017).

Table 3.2: Material parameters for KGD numerical model

Parameters Symbols Values Units
Young’s modulus E 20 GPa

Poisson’s ratio ν 0.20 -
Tensile strength σn0 1000 Pa

Cracking separation rn0 1 ×10−12 m
Debonding separation rnc 1−10 m

Fluid density ρw 1000 kg/m3

Fluid viscosity µ 0.001 Pa·s
Injection rate Q0ρw/2 5×10−4 kg/s

3.4. VALIDATION
To validate the numerical model, simulations of the thermal fracturing experiments
conducted by Zhang et al. (2019) are carried out. A brief recap of the experimental
procedure is given below, followed by the introduction to the numerical model and
the comparison of simulation and experiment results. Finally, a sensitivity analysis is
performed to show how the key parameters can influence the model performance. A
2D approach to the modelling is taken in order to reduce the computational load. This
is considered to be sufficient to simulate the general processes and especially as in 3D
material hetrogeneities will play a further role in the specific fracture evolution. The
evaluation of the performance will focus general on the qualitative behaviour, with a
lower focus on the quantitative performance.

3.4.1. RECAP OF THE EXPERIMENT
The aim of the experiments conducted by Zhang et al. (2019) was to study the influence
of cold water injection on the hydraulic fracturing processes. Granite samples (properties
listed in Table 3.3) with dimensions of 0.1 m × 0.1 m × 0.12 m were used. A hole was
drilled in each sample, and a pipe with perforated holes was placed into the drilled hole
with the dimensions shown in Fig. 3.8. The annulus between the wellbore and the wall of
the drilled hole was sealed.

The samples were then slowly heated to 323 K, 373 K and 473 K with the temperature
maintained for 12 hours to ensure uniform and complete heating. Subsequently, an
anisotropic stress was applied to the samples, with σv = 10 MPa, σH = 7.5 MPa and σh = 5
MPa (Fig. 3.8a). Distilled water with a temperature of 293 K was injected into the wellbore
under controlled-rate condition to induce fractures. In the description of the experiments
(Zhang et al., 2019), the controlled-rate condition was not presented. However, it can be
back-calculated from the water pressure response curve, as it is discussed below.

The injection pressure response was monitored and presented in Fig. 3.9. After the
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(a) (b)

(c) (d)

Figure 3.7: Comparison of simulation results and analytical solutions of the KGD problem. (a) pn,w at injection
point; (b) rnw(t ) at injection point; (c) L(t ); (d) Opening along the fracture (t = 50s)

Table 3.3: Properties of granite samples used in the experiment, data from Zhang et al. (2019)

Parameter Symbol Value Unit
Porosity φ 0.14 -

Permeability k 6 × 10−19 m2

Young’s modulus E 32 GPa
Poisson’s ratio ν 0.2 -

Tensile strength σt 20.5 MPa
Density ρs 2590 kg/m3

Volumetric thermal expansion coefficient βs 6.2 × 10−6 1/K
Specific heat capacity cps 950 J/(kg−1·K−1)
Thermal conductivity λs 4 W/(m−1·K−1)
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0.12 m

σv = 10 MPa

(a)

0.12 m

0.1 m

0.014 m sealed

Ti = 323, 373 or 473 K

Qinj Tinj

(b)

Model A: a line of interface elements

σh = 5.0 MPa 

Model B: interface elements between all continuum elements

Qinj

Tinj

σH = 7.5 MPa 

Impermeable

Ti = 323, 373 or 473 K

Conduction allowed

Tinj

(c)

Figure 3.8: Schematic description of the experiment (modified from Zhang et al. (2019)) and numerical model.
(a) 3D schematic of the initial conditions of the rock samples; (b) Vertical cross section; (c) Horizontal cross
section (numerical model)
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fracturing experiment, red ink was injected to visualise the fractures. The results show
red ink diffused in the direction perpendicular to the minimum in-situ stress when the
rock temperature was 373 K, indicating a single fracture formed in that direction (Fig.
3.11a). In contrast, red ink diffused in all directions when the rock temperature was 473 K,
indicating fracture branching (Fig. 3.11b).

Figure 3.9: Comparison of pressure response curves from simulations (Model A) and experiments by Zhang
et al. (2019).

3.4.2. NUMERICAL MODEL
A 2D symmetric numerical model with a size of 0.1 m × 0.05 m (upper half domain) is
built to simulate the experiments (Fig. 3.8c). A horizontal plane strain condition is chosen
because the maximum stress is σv, which means vertical fractures are expected to be
induced (and were observed in the experiments) (Zhang et al., 2019). A hole with a radius
of 0.007 m is placed at the center. The boundary conditions are shown in Fig. 3.8c. Initial
stresses σH and σh are set for the elements. Due to symmetry, only half of the domain is
considered. Two models were considered to represent possible fractures. Firstly, Model
A, which had a single line of interface elements in the direction of maximum horizontal
stress, was used to validate against the experimental results with rock temperature of
323 K and 373 K. In these two cases, only a single main fracture was observed so that
a pre-defined cracking path in the model is possible. Secondly, Model B, which had
interface elements in between all continuum elements, was used to investigate fracture
branching, as was observed when the rock was heated to 473 K.

As the permeability of the intact rock is extremely low (6×10−19 m2), the continuum
elements that represent the intact rock are set to be impermeable, while thermal conduc-
tion is allowed. This is done by setting kb and kt to zero. Injection rate is imposed only
at the mouth of the interface element that is at the wellbore in the direction of the maxi-
mum horizontal stress, while the temperature boundary condition is imposed around
the wellbore. To simulate the behaviour of the intact rock yet allowing only fluid flow in
the interface elements, we set the initial aperture and hydraulic coefficient of interface
elements to give behaviour equivalent to the rock sample, based on the rock sample’s
porosity and permeability, given by the following equations:



3

56 3. COUPLED THM COHESIVE INTERFACE ELEMENT

t l
0 = kL∗ , w l

0 =φL∗ (3.32)

where k[m2] and φ are the rock permeability and porosity, respectively, L∗[m] is the
characteristic element length, defined as the dominant size of the continuum elements in
the mesh, which can be obtained via mesh quality analysis. For this study L∗ = 0.00163 m.

In the simulation, the injection rate is fixed at the mid-plane node of the first interface
element at the borehole in the direction of the maximum stress, indicated by the blue
rectangle in Fig. 3.8c. Since the injection rate was not disclosed in the original paper
(Zhang et al., 2019), it is back-calculated from the experimental pressure response curve
by running a model without interface to reach the breakdown pressure and selecting
the corresponding injection rate. Note that the injection rate qinj here is 2D, and can be
approximately linked to 3D by multiplying the height of the open-hole section, through
which the fluid was injected. Since the highest Péclet number reached in this exercise
is around 0.017, stabilisation technique is not needed. Therefore the tuning parameter
λa in Eq.3.27 is 0 in this case. Except for rock properties listed in Table 3.3, other input
parameters of the simulation are presented in Table 3.4. The simulation results are then
compared to experimental pressure curve to show the agreement between the simulation
and experiments under each temperature setting, i.e., 323 K, 373 K and 473 K. After that, a
sensitivity analysis on injection rate (qinj, kg/(m · s)), tensile strength (σt) and debonding
separation (r∗

n ) is performed.

Table 3.4: Input parameters for the simulation, data partly from Zhang et al. (2019)

Parameter Symbol Value Unit
Rock temperature Ti 323, 373, or 473 K
Injection temperature Tinj 293 K
Injection rate qinj 3×10−6 kg/(m·s)
Water density ρw 1000 kg/m3

Water viscosity µw 0.001 Pa · s
Water specific heat capacity cpw 4184 J/(kg −1·K−1)
Water thermal conductivity λw 0.598 W/(m−1·K−1)
Initial hydraulic conductivity t l

0 1E-21 m3

Initial aperture w0 2E-4 m
Tensile strength σt 20.5 MPa
Cracking separation rn0 3 × 10−8 m
Debonding separation r∗

n 2 × 10−6 m

3.4.3. COMPARISON BETWEEN SIMULATION AND EXPERIMENTAL RESULTS
The pressure response curves (offset in time for visualisation) from Model A and expe-
riments are compared in Fig. 3.9. The pressure is monitored at the mouth (the blue
rectangle shown in Fig. 3.8c, mid-plane node) of the line of the interface elements, at
which the fluid was injected with a fixed flow rate. It is shown in Fig. 3.9 that Model A
successfully simulates the pressure response during the whole fracturing processes. Both
experimental and numerical results show after a linear pressure increase (Stage A-B in
Fig. 3.9), a peak stress at point B, followed by a non-linear pressure drop (Stage B-C) that
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corresponds to unstable fracture propagation stage and a nearly constant pressure res-
ponse (Stage C-D) that corresponds to a stable fracture propagation stage. After injection
stops at Point D, pressure drops to zero both in the experiment and numerical simulation,
yet at a different rate.

A decrease in peak pressure (the pressure that is required to fracture the rock) with
increasing rock temperature is observed both in simulation and experiment consistently.
This is because a greater reduction in confining stress due to stronger cooling effect makes
fracturing more likely. Fig. 3.10 illustrates the simulated evolution of fracture aperture
in Model A. It shows that with increasing initial rock temperature, i.e. stronger cooling
shock, the fracture aperture is significantly larger. In addition, fracture closing can be
observed in Fig. 3.10 at t=90 s, which occurs after the injection stops, i.e., after point D in
Fig. 3.9.

Figure 3.9 illustrates that in the initial linear pressure response (Stage A-B), the nu-
merical solution shows a more steep curve compared to that of the experimental result.
This can be attributed to the fact that the fluid used in the experiment was not de-aired
and thus had a higher compressibility, as well as to the storage effect of the experimental
equipment. In addition, the simulated fracture propagation pressures (i.e., the nearly
constant pressure response in Fig. 3.9) are higher than those from experiment for all three
cases. This could be because the model assumes a fixed-displacement in X direction at
both left and right boundary (see Fig. 3.8c), which constrains the opening of the fracture.
Moreover, the gradual decrease after point D in the simulated injection pressure is a result
of boundary conditions (fixed zero flow rate at injection point while fixed pressure at the
ending point of the interface elements after injection stops). The details of the pressure in
the injection system after injection was stopped is not presented, so this is likely to be due
to differences in the boundary conditions in the experiment and the numerical model.

Figure 3.12 compares the first principal stresses in Model A with different initial rock
temperatures. High tensile stresses of up to 68 MPa, much higher than rock tensile
strength, are observed around the wellbore when initial rock temperature is 473 K. This
indicates tensile failures should occur not only in the initial direction of maximum stress,
but also around the wellbore when initial rock temperature is 473 K. In contrast, when
initial rock temperature is 373 K or 323 K, the stress around the borehole remains lower
than rock tensile strength, indicating no tensile failures occur except in the direction
of the maximum stress. This is consistent with the experimental results (Fig. 3.11),
which show that the red ink diffused in all direction when rock temperature was 473 K,
indicating fracture branching, while only diffused in the direction of maximum in-situ
stress at 373 K, indicating a single fracture in that direction. This is to say, our model with
interface elements inserted in the direction of maximum stress can qualitatively match
the experimental results for the cases with initial rock temperatures of 323 K and 373 K,
but it is not able to capture the fracture branching observed when initial rock temperature
is 473 K.

To show the capability of the proposed model to simulate fracture branching, interface
elements are inserted in between all the continuum elements in Model B to provide po-
tential cracking paths in other directions, at the expense of increasing the computational
cost. Figure 3.13 shows the simulated fracture opening with the first principal stress

1Reprinted from Zhang et al. (2019) with permission from Elsevier. License No.: 5764200568636
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Figure 3.10: Fracture aperture evolution under different in-situ temperatures (fracture opening is scaled up 300
times). For all cases, the injection starts at 0 s and ends at 50 s, while the simulation ends at 168 s.

(a) (b)

Figure 3.11: Experimental results from Zhang et al. (2019) showing red ink diffusion in rock with an initial
temperature of (a) 373 K and (b) 474 K1
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plotted from Model B. It can be clearly seen fractures are also induced in other directions
except for the direction of the maximum stress when the rock temperature is 473 K. In
contrast, only a single fracture is formed when the rock temperature is 323 K or 373 K,
though fracturing is allowed to happen in other directions. This shows a good agreement
with the experimental results.

This validation exercise further demonstrates the advantage of using the triple-node
scheme, rather than double-node one, for interface elements. In double-node elements,
the mid-plane water pressure, which is used to compute the longitudinal flux and is
considered for H-M coupling, is obtained as the average of the pressures on both sides
of the interface. Accordingly, an increase of fluid pressure at the mid-plane can only
occur at the expense of increasing the water pressure at the side nodes, which are shared
with the surrounding continuum elements. However, any increase in water pressure
at these nodes automatically raises the water pressure at the integration points of the
surrounding continuum elements through the interpolation functions. This occurs even
if the continuum medium is considered impervious and the transversal hydraulic coeffi-
cient of the interface is set to zero. Consequently, water is transferred from the interface
elements into the pores of the surrounding continuum, effectively increasing the storage
capacity of the modelled fracture. Moreover, this increase in storage capacity depends
on the size of the surrounding continuum elements, introducing another source of mesh
dependency. In contrast, in triple-node elements, the mid-plane pressure is evaluated
independently of the side pressure. By setting kb and kt to zero , the mid-plane nodes
become completely independent of the side nodes for the hydraulic problem. Conse-
quently, an increase in water pressure at the mid-plane nodes (i.e., inside the fracture)
does not change the amount of water stored in the continuum. Note, however, that for
the mechanical problem, the effect of the fluid pressure inside the fracture is maintained,
as the H-M coupling is established through the mid-plane pressure.

·
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Figure 3.12: First principal stress field (σ1) for different initial temperatures in Model A. When the temperature is
initially 473 K, tensile stress significantly greater than the tensile strength (20.5 MPa) is observed at the wellbore
(fracture opening is scaled up 1000 times).
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Figure 3.13: First principal stress fieldσ1 under different initial temperatures in Model B. When temperature was
initially 473 K, induced fractures are also observed in other directions, while for other two cases, only a single
fracture is induced as it is in the model with only a single line of interface elements inserted in the direction of
σyy. (Fracture opening is scaled up 1000 times).

3.4.4. SENSITIVITY ANALYSIS
Sensitivity analysis is performed on the injection rate (qinj), longitudinal hydraulic con-
ductivity t l

0 and specific fracture energy in Mode I (GIC = 1
2σn0 · rnc) for both Model A

and Model B, respectively. When performed against varying GIC, σn0 is fixed while rnc is
changed, and vice versa.

Results in Figs. 3.14a and 3.15a show that, as expected, for both models, higher injec-
tion rate leads to a higher pressure response, including the peak pressure and propagation
pressure (which is not necessarily stable). This injection rate dependency of the pressure
response is consistent with other laboratory experiments and numerical simulations in
the literature (Zhuang et al., 2019a; Cheng et al., 2021; Fallahzadeh et al., 2017), and it is
well accepted by engineers (Guo et al., 1993). In addition, higher specific fracture energy
(both fixed σn0 and fixed rnc) leads to higher pressure response for both models, due to
the increasing resistance. But the peak pressure in the pressure response curve shows
less sensitivity to the case with σn0 fixed in Fig. 3.14b and 3.15b, compared to Fig. 3.14c
and 3.15c. As for the hydraulic conductivity, an increase in t l

0 leads to an increase in the
pressure response for Model A, while for model B only an increase in the breakdown
pressure is significant.
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(a) Sensitivity to qinj (b) Sensitivity to GIC with σn0 fixed

(c) Sensitivity to GIC with rnc fixed (d) Sensitivity to t l
0

Figure 3.14: Sensitivity analysis Model A: the influence of injection rate Qinj and specific fracture energy GIC on
pressure response.
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(a) Sensitivity to qinj (b) Sensitivity to GIC with σn0 fixed

(c) Sensitivity to GIC with rnc fixed (d) Sensitivity to t l
0

Figure 3.15: Sensitivity analysis Model B: the influence of injection rate Qinj and specific fracture energy GIC on
pressure response.
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3.5. CONCLUSIONS
In this chapter, a method is developed to simulate fracturing processes using the cohesive
zone model considering fully THM couplings, with specific applications considered of
under geothermal energy extraction. Possible discontinuities are represented by zero-
thickness triple-nodded interface elements, which allow solid elements to separate with
mechanical damage and the simulation of longitudinal and transversal fluid/heat flow in
the discontinuity. The cubic law is used to update the fracture transmissivity as a function
of its aperture, while a elasto-damage law to characterise the mechanical response of
the discontinuity. To simulate pre-existing fractures or fracture initiation/propagation
in an intact rock, interface elements can be inserted in between continuum elements
surrounding pre-existing fractures or in between all continuum elements to provide
potential crack paths, respectively.

The method is verified against analytical benchmarks and validated against experi-
mental data on cold water injection into rock samples. The verification shows that the
numerical solutions match well with the analytical solutions, illustrating the correctness
of the numerical scheme. The validation shows a good agreement between the numerical
and experimental results, demonstrating that the model is able to simulate THM pro-
cesses and, in particular, cracking around a wellbore impacting the inflow ability during
and after cold water injection. The proposed method has several potential applications
beyond geothermal reservoirs. It can be used to optimise oil and gas recovery via hydrau-
lic fracturing and soft stimulation techniques, such as thermal stimulation and cyclic
stimulation, where the opening of the fractures leads to strong thermo-mechanical and
hydro-mechanical couplings. In addition, its flexible representation of transversal fluid
and heat flows allows simulation of the interface between permeable and impermeable
materials (e.g., artificial fractures in enhanced geothermal systems or steel casing-cement
interface), existing discontinuities with filling material, or fractures where the pore space
at both sides is progressively clogged by chemical or mechanical processes.





4
SIMULATION OF FATIGUE DAMAGE

UNDER CYCLIC COUPLED

THERMO-HYDRO-MECHANICAL

PROCESSES

A tool for the simulation of cyclic thermal stimulation of geothermal reservoirs is developed.
A new elasto-damage law is developed by incorporating a fatigue damage variable into the
tensile branch. The fatigue damage variable is calibrated using the number of loading cycles
and fatigue life at different load intensities (i.e. a stress-number of cycles or S-N curve).
With this formulation, the tensile strength and stiffness of the interface element degrade
with increasing cycle number. In addition, Palmgren-Miner’s rule is used to account for
varying-amplitude cyclic loading. While the mechanical constitutive laws are temperature-
independent, the thermal expansion and contraction lead to stress changes, which can
generate cyclic stress paths under temperature cycles. The proposed method is validated
against three laboratory tests from the literature, including the cyclic Brazilian test, the
cyclic hydraulic fracturing test and the cyclic thermal stimulation test to demonstrate its
ability to capture fatigue damage under cyclic coupled THM processes, including varying
amplitude loading.

This chapter has been submitted for publication as Luo et al. (2025a)
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4.1. INTRODUCTION
Rock fatigue failure is a common phenomenon in subsurface engineering projects, and
can be either beneficial (e.g., fatigue cracks near geothermal or hydrocarbon wells (Hof-
mann et al., 2019, 2021; Zang et al., 2025)) or detrimental (e.g., fatigue damage of dams
(Meng et al., 2023)). The fatigue damage of rocks subjected to cyclic mechanical, hydraulic
or thermal loading has been extensively studied, demonstrating that rock strength can
be reduced and that fracture patterns can become more complex under cyclic loading
(Cerfontaine & Collin, 2018; Zang et al., 2021; Jung et al., 2021; Niu et al., 2023). For
example, cyclic Brazilian tests conducted by Erarslan & Williams (2012) and Liu et al.
(2018) have shown that rock samples fail under lower ultimate loads and exhibit different
fracturing mechanism compared to those under monotonic loading.

In addition to pure mechanical loading, coupled hydro-mechanical and thermo-
mechanical loadings have also been used to induce fatigue damage in rocks. Laboratory
cyclic hydraulic fracturing tests on sandstone and granite samples have shown significant
reductions in breakdown pressure (up to 20% for Pocheon granite cores (Zhuang et al.,
2019b), 7.18% - 18.9% for Xujiahe sandstone (Kang et al., 2020), and 16% for dry Tennessee
sandstone) (Patel et al., 2017). Laboratory tests have also shown that cyclic hydraulic
stimulation can lead to the formation of more complex fracture networks, as opposed
to the simpler fractures typically induced by conventional hydraulic stimulation (Patel
et al., 2017; Wei et al., 2023). Moreover, the effectiveness of cyclic hydraulic fracturing has
also been demonstrated in field-scale tests, such as the cyclic hydraulic stimulation of
well PX-1 at the Pohang enhanced geothermal system (EGS) project site, South Korea,
which demonstrated that cyclic injection was able to improve well performance while
ensuring that seismic activity remains below the target threshold of Mw 2.0 (Hofmann
et al., 2019; Zang et al., 2021). In addition, cyclic heating-cooling treatment on rocks
can also reduce their strength, which has been demonstrated in experiments (Gasc-
Barbier et al., 2014; Zhu et al., 2020). However, study of rock fatigue damage under
cyclic fully coupled thermo-hydro-mechanical (THM) loadings is rarely reported. Cyclic
THM processes can happen in, for example, nuclear waste repository or stimulation to
geothermal reservoirs. A combination of thermal stress and fatigue damage may further
accelerate the rock failures. Therefore, the investigation of the rock fatigue damage under
cyclic THM loadings is necessary and meaningful, while existing literature mainly focuses
on individual loadings and simple hydro-mechanical or thermo-mechanical loadings.

Numerical simulation provides an essential tool for understanding fatigue damage of
rocks. Incorporating fatigue damage into the cohesive zone model is a common method to
predict the onset and propagation of fatigue fractures. The cohesive zone model was first
proposed by Dugdale (1960) and Barenblatt (1962) to circumvent the unrealistic infinite
stresses at the fracture tip obtained for a linear elastic material, assuming a cohesive-
law governed zone in front of the fracture tip. Later, Hillerborg et al. (1976) introduced
CZM into FEM to simulate crack initiation and growth in concrete. When discretising
the material domain, the material separation and thus damage of the structure can
be described by interface elements in-between continuum elements (Scheider, 2001),
governed by the cohesive law that relates traction and separation of the two surfaces
of the interface element. It has the advantages of the capability to simulate fracture
initiation, intuitive physical meaning and its mitigation of the need to calculate the stress
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singularity at the fracture tip over other approaches like extended finite element method.
The traction-separation law, consisting of an elastic and an elastic-softening curves, is
controlled by two material parameters, i.e. the critical fracture energy GI (for mode-I
fracture) and the tensile strength σn0, shown in Fig.4.1a. The damage of the rock, after
the tensile strength is reached, is described by the elastic-softening curve.

Traditionally, the law can only describe damage due to monotonic loading beyond a
strength threshold. If loading remains below the strength, the behaviour is elastic, with
no additional damage, regardless of the number of loading cycles. Previous efforts have
been made to incorporate fatigue damage due to cyclic loading into the cohesive law
(Roe & Siegmund, 2003; Maiti & Geubelle, 2005; Robinson et al., 2005; Turon et al., 2007;
Khoramishad et al., 2010; De Moura & Gonçalves, 2015; Choi et al., 2020; Xi et al., 2021; Wei
et al., 2023). For example, Robinson et al. (2005) incorporated a fatigue damage variable
into the cohesive law based on a modified Paris power law equation, which relates the
fatigue crack growth rate (da/dN , a is the fatigue crack length and N the number of
cycles) to the amplitude of the applied stress intensity factor (∆K = Kmax −Kmin, Kmax is
the maximum stress intensity factor while Kmin the minimum). The model was used to
simulate delamination growth in composite material and their numerical results showed
that the model can reproduce the characteristics of the Paris power law that is commonly
observed in experiments, though the model considers only the maximum load. Munoz
et al. (2006) further extended the work of Robinson et al. (2005) to consider the cyclic loads
with non-zero minimum value. Turon et al. (2007) developed a cohesive zone model with
a single damage variable and related the damage state with the number of cycles and the
loading conditions. Khoramishad et al. (2010) integrated a strain-based fatigue damage
with the cohesive law to simulate the impact of cyclic loading on the bonded joints.
Unlike most of the previous model, the degradation of the cohesive strength is possible
and dependent on the fatigue damage, making it possible to accumulate fatigue damage
before the cohesive separation stage is reached. Xi et al. (2021) and Wei et al. (2023)
followed the same concept but formulated the fatigue damage variable as a function of
the number of cycles. One limitation is that the cohesive stiffness remains unchanged
in the elastic stage. In contrast, some other literatures, e.g. Nojavan et al. (2016a); Choi
et al. (2020), presented the computation of the damage evolution during cyclic loading is
in conjunction with an unloading–reloading relation in the cohesive zone model, while
allowing the degradation of the reloading stiffness.

While existing models have advantages and limitations in incorporating and com-
puting fatigue damage, none address fully coupled thermo-hydro-mechanical loading,
which requires the consideration of the thermal processes in the cohesive interface ele-
ment. In addition, a specific cracking path was prescribed along a pre-defined line in
most of the modelling exercises in the previously mentioned literature, while the cases
where fracture can initiate and propagate in the most efficient fracturing paths are not
mentioned. These limitations render the models unsuitable for simulating fatigue failure
in, e.g. nuclear waste repository and geothermal reservoirs, where fractures can propagate
in arbitrary but most efficient direction. In addition, the re-loading stiffness is unchanged
if the traction-separation path is in the elastic stage in previous models (Khoramishad
et al., 2010; Xi et al., 2021; Wei et al., 2023), which fails to capture the observed degradation
of rock stiffness and the accumulation of deformation (Cerfontaine & Collin, 2018; Xiao
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et al., 2010). Wei et al. (2023) also formulated the fatigue damage variable as a function
of the number of cycles under constant-amplitude loading, which does not consider
varying-amplitude cyclic loading.

In this chapter, we introduce a fatigue damage variable into the cohesive zone model,
which, together with cohesive interface elements and continuum elements that consider
fully coupled THM processes, can simulate fatigue failures under cyclic THM loading.
The fatigue damage variable is calibrated using the number of loading cycles and fatigue
life at different load intensities (S-N curve, or stress-number of cycles curve). With this
formulation, the tensile strength and stiffness of the interface element both degrade with
increasing cycle number. Palmgren-Miner’s rule is used to account for varying-amplitude
cyclic loading. While the traction-separation law is temperature-invariant, the thermal
expansion and contraction of the continuum elements lead to stress changes, which can
generate cyclic stresses under varying temperature cycles, and therefore includes the
impact of thermally-induced stresses. The proposed method is validated against three
laboratory tests from the literature, including cyclic Brazilian test, cyclic hydraulic fractu-
ring test and cyclic thermal stimulation test to demonstrate its ability to capture fatigue
damage under cyclic coupled THM processes, including varying amplitude loading. The
proposed model can be used to simulate cyclic thermo-hdyraulic stimulation in sub-
surface projects, e.g. geothermal projects, and rock failures in subsurface infrastructure
projects, e.g. the damaged zone under cyclic THM loading around radioactive waste
repositories.

4.2. NEW ELASTO-DAMAGE LAW
As introduced in previous chapter, continuum finite elements are used to model intact
rock while zero-thickness three-node interface elements are used to model discontinuities,
as shown in Fig. 3.1. The interface elements can be inserted in-between continuum
elements surrounding a pre-defined path to model pre-existing fractures or weak planes,
or can be inserted in-between all the continuum elements to provide arbitrary potential
cracking paths. Conventionally, the mechanical response of the interface elements is
governed by the bi-linear elasto-damage law presented in Figure 3.2.3, which can only
describe damage evolution when loading reaches the strength. For loading below the
tensile strength, the stress-displacement path will remain unchanged in the elastic stage
with no resulting damage no matter how many times the loading is repeated. However,
fatigue damage of rock under cyclic loading below the strength have been observed in
experiments and field examples, e.g. (Patel et al., 2017; Zhuang et al., 2019b; Hofmann
et al., 2019; Kang et al., 2020). Therefore, there is a need to incorporate fatigue damage
into the conventional elasto-damage law to allow degradation of strength and stiffness in
the elastic stage.

In this chapter, a fatigue damage variable Df is introduced to degrade the tensile
strength as follows:

σnm = (1−Df)σn0 (4.1)

where Df is the fatigue damage variable. σnm [Pa] is the degraded tensile strength after m
cycles, and σn0 [Pa] is the initial tensile strength of the rock as in the conventional law.
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σnMf is the degraded tensile strength after Mf cycles, with Mf the fatigue life corresponding
to an applied loading σA. This degraded tensile strength is then used to calculate the
stiffness of the interface element with a fixed cracking separation rn0, as shown in Fig.
4.1b, thus allowing also degradation of the stiffness in the elastic stage:

Knm = σnm

rn0
(4.2)

where Knm [Pa/m] is the stiffness after m cycles. Then the modified elasto-damage law
can be described as:

σ′
n =

{
(1−D)Knmrn if rn > 0

Kn0rn if rn ≤ 0
(4.3)

Note the degraded stiffness Knm is only used in tension (rn > 0), so that the stiffness in
compression is still kept as Kn0, which is interpreted as a penalty coefficient to limit the
penetration of the fracture surfaces.
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Figure 4.1: Comparison of the (a) conventional and (b) modified elasto-damage law.

To determine the fatigue damage variable, a linear strength degradation is assumed
(Xi et al., 2021; Nojavan et al., 2016b). Thus, when subjected to a constant-amplitude
cyclic loading (Fig. 4.2a), it can be defined as:

Df =
(
1− σA

σn0

)
m

Mf
(4.4)

where σA [Pa] is the amplitude of the cyclic loading, as is shown in Fig. 4.2a. Mf is the
fatigue life (maximum number of cycles until failure) under a specific constant-amplitude
cyclic loading.

When subjected to varying-amplitude cyclic loading, shown in Fig. 4.2b, Equation 4.4
can be further developed based on the Palmgren-Miner’s rule, which reads:

Df =
∑

i

(
1− σAi

σn0

)
1

Mfi
(4.5)

where, i indicates the i th cyclic loading that has a maximum amplitude ofσAi , as is shown
in Fig. 4.2b. Mfi is the fatigue life corresponding to the applied loading level σAi .
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An empirical S-N relationship is used as a criteria to determine the fatigue life Mfi ,
which relates the maximum value of the cyclic loading (σAi ) to the fatigue life Mfi of the
rock. This relationship has been widely used in metals, concrete and rocks (Nojavan et al.,
2016b; Chen et al., 2017; Cerfontaine & Collin, 2018; Xi et al., 2021). It reads (Cerfontaine
& Collin, 2018; Xi et al., 2021) :

σAi

σn0
= a log10 Mfi +b (4.6)

where a and b are the two model parameters that can be obtained from experimental
data.
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Figure 4.2: Cyclic loading with (a) constant amplitude; and (b) varying amplitude.

4.3. VALIDATION AGAINST CYCLIC BRAZILIAN TEST
In this section, the proposed method is validated against cyclic Brazilian tests conducted
by Erarslan & Williams (2012).

4.3.1. DESCRIPTION OF THE EXPERIMENT
The Brazilian test, also known as the splitting tensile strength test, is a common method
to estimate the tensile strength of brittle rocks. In this test, a thin circular disc is placed in
between loading platens or curved loading jaws, and diametrically loaded until failure
(Fig. 4.3a). Upon loading, a line of equally-distributed tensile stress will be induced in
the centre of the specimen, shown in Fig. 4.3b. The compressive force applied at failure
(defined as the maximum force the sample can sustain) Fmax [N] is used to calculate the
tensile strength σn0 [Pa] according to:

σn0 =− 2Fmax

πdh0α

(
sinα− α

2

)
(4.7)

where d [m] and h0 [m] are the radius and the thickness of the disc, respectively, and α is
the contact angle (Navidtehrani et al., 2022).

In the work of Erarslan & Williams (2012), Brisbane tuff was used to produce the
specimens with a diameter of 52 mm and a thickness of 26 mm. The material properties
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are presented in Tab. 4.1. The specimens were used to conduct monotonic and cyclic Bra-
zilian tests in a setup, whose two jaws were designed to make contact with the specimen
at diametrically opposed surfaces over an arc of contact of (α =) 10◦ (Erarslan & Williams,
2012). The specimen was loaded with monotonic or cyclic loading perpendicular to the
contact arc at a rate of 200 N/s. In the monotonic loading case (in this chapter sample
BR-3 is taken as an example), the sample failed when the loading reached 20.98 kN. This
case will be simulated first to explore the mesh sensitivity. In the cyclic Brazilian tests,
a series of cyclic tests with constant amplitude at 95%, 90%, 80% and 70% of Fmax (the
load at failure under monotonic loading) were performed to determine the fatigue life,
with the experimental S-N relation and fitted relationship presented in Fig. 4.4. The cases
of cyclic tests with constant amplitude at 95% and 90% of Fmax are then simulated to
validate against experimental results, i.e. experimental fatigue life and fracture patterns.

Table 4.1: Material properties and model parameters (Erarslan & Williams, 2012).

Parameter Symbol Value Unit
Material properties

Young’s modulus E 2.6E10 Pa
Poisson’s ratio ν 0.26 -
Mode-I fracture toughness KIC 1.18E6 Pa· m0.5

Tensile strength (BR-3, used for static loading) σn0 9.87E6 Pa
Tensile strength (used for cyclic loading) σn0 10.82E6 Pa

Model parameters
Cracking separation rn0 1E-7 m
Debonding separation rnc 1E-5 m
Stiffness of interface elements Kn0 9.87E14 or 10.82E14 Pa
Mechanical viscosity ζ 1E9 Pa · s/m
Parameter a in Eq. 4.6 a -0.051085 -
Parameter b in Eq. 4.6 b 0.9929 -

In the cyclic Brazilian tests, other samples were then used (Erarslan & Williams, 2012).
The maximum loading at failure (Fmax) under static loading was measured at 23 kN. Then,
a series of cyclic tests with constant amplitude at 95%, 90%, 80% and 70% of Fmax were
performed to determine the fatigue life, with the experimental S-N relation and fitted
relationship presented in Fig. 4.4.

4.3.2. NUMERICAL MODEL

A 2D model is constructed to simulate the monotonic and cyclic Brazilian tests (Fig. 4.3b).
The bottom arc with a contact angle of 10◦ is fixed in both x and y directions, while the
top arc is imposed by monotonic or cyclic loading. The domain is meshed with second-
order triangular elements, and interface elements are inserted in between all the triangle
elements to allow fractures to occur in arbitrary directions. Three different meshes are
constructed to investigate the mesh sensitivity of the model, as is shown in Fig. 4.5a to 4.5c.
Fig. 4.5a presents a coarse mesh (1770 continuum elements) with a straight line imposed
along the central axis of the circle, since a straight fracture is predicted to be induced
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Figure 4.3: (a) Schematic description of Brazilian test; (b) Tensile stress distribution along the centre of the disc.

Figure 4.4: Experiment and simulation results of fatigue life Mf under different maximum loading σA. Experi-
mental data is from Erarslan & Williams (2012).
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along the central axis according to analytical solutions (International Society for Rock
Mechanics, 1978; Navidtehrani et al., 2022). Interface elements were inserted between all
continuum elements. Yet due to the likely highest tension values along this straight line,
it provides a preferential cracking path. In contrast, Fig. 4.5b and 4.5c presents a coarse
(1484 continuum elements) and a finer mesh (12268 continuum elements), respectively,
without the imposed straight line along the central axis and interface elements inserted
between all continuum elements. Consequently, no cracking path along the central axis
is prescribed in the meshes of Fig. 4.5b and 4.5c. The model parameters are shown in Tab.
4.1. The tensile strength and the debonding separation are determined from material
tensile strength and mode-I fracture toughness. The stiffness of the interface element is
set to a high value to reduce artificial compliance while managing numerical convergence.

4.3.3. NUMERICAL SIMULATION OF THE STATIC BRAZILIAN TEST

Simulation results of the monotonic Brazilian test on sample BR-3 is discussed here. The
loading was applied at a rate of 200 N/S until a maximum loading at 20.98 KN, as was
in the experiment. A sensitivity analysis on the mesh is first conducted, with the results
shown in Fig. 4.5d to 4.5i. In Fig. 4.5d to 4.5f, the damage variable D is shown to highlight
the simulated fracture patterns at maximum loading for the three meshes. Fig. 4.5d shows
that a straight fracture along the central axis can be simulated with the mesh shown in Fig.
4.5a, where a straight line (of interface elements) is imposed along the central axis. This is
consistent with the experimental fracture pattern shown in Fig. 4.7a and the theoretical
solution. A maximum force of 20.98 kN is applied, which corresponds to a tensile strength
of 9.87 MPa, corresponding well to the input tensile strength. However, no damage is seen
in Fig. 4.5e, in which no straight line is imposed along the central axis and the mesh is
coarse. In contrast, if the mesh in the central part of the model is made to be fine enough
(to automatically generate some straight mesh edges in the central part), as is shown
in Fig. 4.5c, the central fracture can be simulated (Fig. 4.5f), though the fracture has to
follow the element edges. In addition, Fig. 4.5g to 4.5i presents the distribution of the
horizontal stress σx. The horizontal stresses in Fig. 4.5g have a maximum tension of
around 7.25 MPa, indicating a relaxation of stress after the tensile fracture occurs. In Fig.
4.5h tension is seen of approximately 10 MPa (exceeding the tensile strength) along the
central axis, thus should induce fractures, however cannot due to the orientation of the
mesh. Instead, the fracture can only be induced if the load is increased to 29.12 KN in the
simulation using the coarse mesh in Fig. 4.5b, almost 40% higher than the 20.98 KN in
the experiment. In Fig. 4.5i, σx is again relaxed along the central axis with a distribution
similar to that of Fig. 4.5g as a result of the formation of the fracture(s). Due to the less
structured alignment of the mesh, the fracture distribution is less even and results is
a less uniform stress distribution immediately around the fracture zone, and results in
a calculated tensile strength of 8.85 MPa. The mesh sensitivity analysis highlights the
influence of the mesh orientation and mesh density on the simulation results, although
the stresses prior to fracturing are almost identical. A priori knowledge of the position and
direction of the fracture initiation and propagation is therefore helpful to allow the use of
coarse mesh, which demonstrates the importance of the analytical solutions. Otherwise,
several different meshes may be used to capture the correct fracture propagation.

Based on the model with mesh presented in Fig. 4.5a, a comparison of simulated and
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Figure 4.5: Mesh sensitivity analysis. (a) - (c): three different meshes consisting of second-order triangle
continuum elements and interface elements that are inserted between all the continuum elements to provide
arbitrary potential cracking paths. (a) coarse mesh (1770 continuum elements) with a straight line imposed
along the central axis of the circle; (b) coarse mesh (1484 continuum elements) without the imposed straight
line along the central axis; (c) finer mesh (12268 continuum elements) without the imposed straight line along
the central axis. (d) - (f): corresponding simulated damage variable at failure, indicating the fracture patterns.
(g) - (i): distribution of σx at failure.
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experimental axial and lateral strains is presented in Fig. 4.6, showing generally good
agreement with a slight deviation, which is from the artificial compliance as a result of
insertion of interface elements. In addition, failure can be clearly seen at the turning
point on the simulated curve when loading reaches 20.98 kN, shown in Fig. 4.6, indicating
increasing strain since the specimen failed and could not sustain the controlled loading.
The peak loading is reached at time step 104.9 s.

Figure 4.6: Comparison of experimental and numerical results of axial and laterial strain in the static Brazilian
test on sample BR-3.

(a)

D
11

0

(b)

Figure 4.7: Comparison of experimental and simulated damage in the specimens. (a) BR-3 after failure under
static loading in the experiment (figure from Erarslan & Williams (2012)); (b) Damage variable at t = 125 s in the
simulation.
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4.3.4. NUMERICAL SIMULATION OF THE CYCLIC BRAZILIAN TEST

After initial validation against the static loading experimental data from sample BR-3, the
model can then be validated against cyclic Brazilian tests. As mentioned earlier, a series
of cyclic experimental tests with maximum loading at 95%, 90%, 80% and 70% of Fmax

(23 kN) was performed to determine the corresponding fatigue life (Erarslan & Williams,
2012). Based on the element test data shown in Fig. 4.4, both parameters a and b of the
empirical relationship (Eq. 4.6) can be determined. In addition, the tensile strength is
chosen as 10.87 MPa, as derived from the maximum force applied Fmax (23 KN). Other
material properties and model parameters are kept the same as shown in Tab. 4.1. We
select the cases where the maximum loading during cyclic loading are 95% and 90% of
Fmax (23kN) as examples to demonstrate the capability of the proposed model.

Figs. 4.8a and 4.8c show the lateral and axial strain evolution with time. It is clearly
shown that a sudden sharp increase in lateral strain is observed in the 8th and 54th cycles
in the cases of 95% and 90% σmax0, respectively. As opposed to the single failure observed
in static tests, a complex fracture pattern is seen in the experimental results, resulting
in an overall failure of the sample (Fig. 4.9), with the numerical results also indicating a
network of fractures. The number of cycles to achieve failure at a corresponding loading
amplitude is presented in Fig. 4.4, showing a good agreement with the S-N curve fitted
from the experimental data, thereby demonstrating the capability of the proposed method
to capture the fatigue damage due to cyclic loading at different loading amplitudes.

To further demonstrate the capability of the proposed model to handle varying-
amplitude cyclic loading, two synthetic loading cases (not performed experimentally)
with varying-amplitude cyclic loading are simulated. In Case A, the applied maximum
load is equal to 90% σmax0 for the first 10 cycles, before increasing to to 95% σmax0 in
the later cycles (Fig. 4.10a). The corresponding results (Fig. 4.10b) show that failure of
the sample happens at the 15th cycle, less than the fatigue life (54 cycles) under cyclic
loading with constant maximum loading at 90%σmax0 but more than that (8 cycles) under
cyclic loading with constant maximum loading at 95%σmax0. Inspired by the results from
Case A, the applied maximum load in Case B is set to 95% σmax0 in the first 5 cycles,
before decreasing to 90%σmax0 in later cycles (Fig. 4.10c). Interestingly, unlike Case A
where failure happens after 14 cycles (first 10 lower-amplitude cyclic loading + later 4
higher-amplitude cyclic loading), failure is seen in the 31st cycle in Case B (Fig. 4.10d).

4.4. VALIDATION AGAINST CYCLIC HYDRAULIC FRACTURING

TEST

4.4.1. DESCRIPTION OF THE EXPERIMENT

The hydraulic fracturing test is widely used to determine the tensile strength of rocks
and/or the magnitude of the in situ stresses. Zhang et al. conducted laboratory (cyclic)
hydraulic fracturing tests on granite samples cored from the Pocheon geothermal field
to demonstrate the concept of cyclic stimulation (Zhuang et al., 2019b). The targeted
Pocheon granite contained three orthogonal cleavage planes, namely the rift (R), graine
(G) and hardway (H) planes. Specimens used in the experiments were cored perpendicular
to each of the R, G and H planes, and thus are labelled as R, G and H groups, respectively.
The rift plane was seen to have the weakest strength, with an average measured Brazilian



4.4. VALIDATION AGAINST CYCLIC HYDRAULIC FRACTURING TEST

4

77

(a) Strain vs. time under 95% σmax0. (b) Load vs. strain under 95% σmax0.

(c) Strain vs. time under 90% σmax0. (d) Load vs. strain under 90% σmax0.

Figure 4.8: Lateral (positive) and axial (negative) strain evolution with time and loading under different cyclic
loadings.

(a)

D
1

0

(b)

Figure 4.9: Comparison of the failed sample under cyclic loading (a) in the experiment (figure reproduced from
Erarslan & Williams (2012)); and (b) in the simulation (95% σmax0).
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(a) Applied varying-amplitude cyclic loading in case A. (b) Strain evolution in case A.

(c) Applied varying-amplitude cyclic loading in case B. (d) Strain evolution in case B.

Figure 4.10: Simulation results of varying-amplitude cyclic loading and corresponding lateral and axial strain
evolution cases.
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tensile strength equal to 6.1 MPa. Hydraulic fracturing tests on specimens in Group G and
H were seen to induce fractures in the weakest rift plane. In this chapter, we focus only on
the fracturing tests on specimens from group H, with the orientation of the sample and
the cleavage planes shown in Fig. 4.11a. Other properties of the specimens in group H are
presented in Tab. 4.2.

σv = 25 MPa

rift planegrain plane
σt = 8.2 MPa

σt = 6.1 MPa

100 mm

(a)

displacement 
in x fixed

a line of interface elements

Qinj

displacement 
in x fixed

displacement in y fixed

(b)

Figure 4.11: Description of (a) the Pocheon granite specimen in group H and (b) the corresponding numerical
model. A line of interface elements is used in the model to represent the weakest rift plane, on which fracture
can be induced by injection of fluid.

Table 4.2: Properties of the Pocheon granite specimens in group H and model parameters.

Material properties
Parameter Symbol Value Unit
Young’s modulus E 5.8E10 Pa
Poisson’s ratio ν 0.30 -
Density ρs 3000 kg/m3

Tensile strength (rift plane) σn0 6.1E6 Pa
Model parameters

Cracking separation rn0 1E-7 m
Debonding separation rnc 2E-7 m
Mechanical viscosity ζ 1E12 Pa·s/m
Parameter a in Eq. 4.6 a -0.021129 -
Parameter b in Eq. 4.6 b 0.90437 -

A borehole with a diameter of 8 mm was drilled through the center axis of the spe-
cimens to allow the injection of fluid, as is shown in Fig. 4.11a. Two sets of tests were
conducted, one using a controlled pressurisation rate and the other with a controlled
injection rate. Here, we focus on the tests of controlled injection rate (100 mm3/s), in
which the horizontal confining pressure is zero while the vertical stress was 25 MPa to
prevent fluid leakage from the top and bottom surfaces. Monotonic fracturing was first
implemented using 12 specimens to determine an average monotonic breakdown pres-
sure, which was 6.9 MPa. Cyclic fracturing tests then followed with a maximum injection
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pressure ranging from 74% to 95% of the monotonic breakdown pressure, using another
34 samples. Since injection rate was controlled, the injection time was therefore adjusted
to achieve the desired injection pressure. Fig. 4.12 presents the number of cycles needed
to fail the specimens under different maximum injection pressure in the experiments.

Figure 4.12: Experiment and simulation results of fatigue life Mf under different maximum injection pressure
pinj.

4.4.2. NUMERICAL MODEL
A 2D model is constructed to simulate both the monotonic and cyclic fracturing tests (Fig.
4.11b). Only half of the horizontal section of the specimen is considered due to symmetric
condition. A line of interface elements is inserted along the symmetry axis to represent
the weakest rift plane, along which fracture can be induced upon fluid injection. The
solid elements represent the rock matrix, which is assumed to be impermeable due to its
extremely low permeability. The bottom boundaries of the model are fixed along the y
direction, with two nodes at the left and right sides fixed along the x direction to provide
reaction to the whole system. No confining stress is applied matching the experimental
conditions. Other model input parameters for the interface elements are summarised in
Tab. 4.2.

4.4.3. NUMERICAL SIMULATION OF THE MONOTONIC INJECTION TESTS
Monotonic fracturing is first simulated to demonstrate the capability of the model and
determine the simulated monotonic breakdown pressure. A ramped injection rate, shown
in Fig. 4.13a, is used to simulate the borehole storage effect. Fig. 4.13 compares the
simulation and experimental results of the monotonic hydraulic fracturing test. It shows
that the numerical model can successfully capture the pressure response with a peak
pressure at 6.48 MPa (compared to 6.9 MPa in the experiment). Additionally, the damage
variable of the all of the interface elements is recorded in the simulation and averaged
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and compared with the AE records of the experiment. Both values represent the damage
process of the rock sample in different ways. When the averaged damage variable reaches
1, it indicates the whole line of interface elements is fully opened. The time period over
which the damage variable increases from zero to 1 is the same time period with the AE
events with the highest amplitude and most densely recorded events.

(a) (b)

Figure 4.13: Comparison of experiment and simulation results of (a) pressure response and (b) experimental AE
hits and simulated damage variable D during monotonic hydraulic fracturing test.

4.4.4. SIMULATION RESULTS OF THE CYCLIC INJECTION TESTS
The model then is used to simulate the cyclic fracturing tests, with the maximum injection
pressure reaching 90%, 87% and 85% of the simulated pave

b (6.48 MPa) in each cycle. Each
cycle has the same injection rate and time period, so in cases where damage (partially)
occurs, the achieved pressure is lower than the initial pressure. The same domain and
input parameters are used as in the monotonic simulations.

The simulated pressure response and averaged damage variable under different cyclic
injection pressure are presented in Fig. 4.14. Fig. 4.14 shows the granite sample fails in
the 2nd cycle, 63rd cycle and 231st cycle under a cyclic injection pressure of 90% pmono

b ,
87% pmono

b and 85% pmono
b respectively. The relationship between the fatigue life and

the cyclic injection pressure is plotted as blue rectangles in Fig. 4.12, showing a good
agreement with the S-N curve fitted from experimental data. Therefore, the proposed
model can successfully reproduce the fatigue damage due to cyclic hydraulic stimulation.

Viscous stress is added in Eq. 3.20 to resolve large fast changes in the solution, which
occur faster than the time discretisation, and can cause numerical divergence. The added
viscosity ζ slows down the strain rate and thus stabilised the solution, however it could
also have an impact on the predicted behaviour including the fatigue life. To investigate
the impact of the added viscosity, simulations of the cyclic hydraulic fracturing test are
run with four different viscosities, i.e., ζ= 0 Pa·s/m, 1E11 Pa·s/m, 1E12 Pa·s/m and 1E13
Pa·s/m. The predicted fatigue life for different injection pressures with the different
viscosities is presented in Fig. 4.12. It is seen that by increasing the viscosity, the fatigue
life also increases. Here, the impact of the viscosity on the results are discussed in detail
for the case under pinj = 90% pmono

b . The simulated injection pressures are shown in



4

82 4. FATIGUE DAMAGE UNDER CYCLIC COUPLED THM PROCESSES

(a) Pressure response under pinj = 90%pmono
b . (b) Pressure response under pinj = 87%pmono

b .

(c) Pressure response under pinj = 85%pmono
b .

Figure 4.14: Simulated pressure response and evolution of the average damage variable under different pinj.
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Fig. 4.15. When the mechanical viscosity is 0Pa · s/m, the simulation cannot converge
when interface elements reach the cracking separation rn0. If a 1E11Pa · s/m viscosity
is added, the problem of lack of convergence reduces slightly, but the simulation still
stops after 1.5 cycles. If more viscosity is added, i.e. ζ= 1E12Pa · s/m, the simulation is
able to run continuously, with fatigue life matching the point when the other simulations
stop. However, when adding a larger viscosity, in this case ζ = 1E13Pa · s/m, damage
occurs gradually and increases per cycle, with the fatigue life being significantly increased,
see Fig. 4.12. With a further reduction in injection pressure, the differences become
larger, however, these are still in fitting with the experimental behaviour and are therefore
considered to be reasonable.

Figure 4.15: Influence of mechanical viscosity of the fatigue simulation.

4.5. VALIDATION AGAINST CYCLIC THERMO-HYDRAULIC FRAC-
TURING TEST

4.5.1. DESCRIPTION OF THE EXPERIMENT
Thermal stimulation, which takes advantages of both thermal stress and hydraulic pres-
surisation, has been proposed and utilised in geothermal reservoirs. This aims to reduce
the breakdown pressure during hydraulic fracturing, therefore reducing environmental
impacts. Hong et al. experimentally studied the monotonic and cyclic injection of cold
liquid nitrogen and water into granite samples (Hong et al., 2023). In this chapter, we
focus on both monotonic and cyclic injection of cold water conducted by Hong et al.,
against which the proposed method is validated (Hong et al., 2023).

The samples are formed from granite cored from the province of Shangdong, China,
(properties of the granite are presented in Tab. 4.3) and were manufactured to be cubes
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with the size of 100 mm × 100 mm × 100 mm, schematically shown in Fig. 4.16a. A hole
60 mm deep and 16 mm in diameter was drilled in the centre of the samples. A steel
tube 40 mm deep and 14 mm in diameter was cemented in the hole, leaving a 20 mm
deep ‘open hole’ section. The temperature at the open hole section was monitored by a
thermocouple attached to the wall of the open hole.

Table 4.3: Properties of the granite samples and parameters used for the interface elements (Hong et al., 2023).

Parameter Symbol Value Unit
Properties of the granite samples

Density ρs 2630 kg/m3

Young’s modulus E 39.41 GPa
Poisson’s ratio ν 0.28 -
Tensile strength σn0 10.02 MPa
Permeability k 1.1E-3 mD
Porosity φ 0.0045 -
Linear thermal expansion coefficient∗ α 4.8E-6 K−1

Thermal conductivity λ 3.1 W/(m · K)
Parameters of the interface elements

Cracking separation rn0 1E-8 m
Debonding separation rnc 1E-5 m
Mechanical viscosity ζ 1E12 Pa·s/m
Parameter a in Eq. 4.6 a -1.0 -
Parameter b in Eq. 4.6 b 0.99 -

The experiments consisted of two phases: (1) cooling-heating cycles; (2) fracturing
test via injection of cold water. Fig. 4.17 shows the evolution of the borehole temperature
and injection pressure during one single cooling-heating cycle and during the fracturing
test respectively. The samples were firstly pre-heated to 473 K in a muffle furnace. Then,
the samples were loaded with initial stresses of σv = 15 MPa, σH = 10 MPa and σh = 7 MPa
in a true triaxial fracturing equipment (Hong et al., 2023), which is designed to insulate
the sample and allows the injection of fluid. In both phases, a 600-second natural cooling
down of the samples happened first before any injection of cold water (Stage I in Figs.
4.17a and 4.17b).

In the cooling-heating cycle, shown in Fig. 4.17a, water with temperature of 323 K
was injected into the borehole with a constant low injection pressure of 2 MPa, lasting
for 180 seconds (Stage II in Fig. 4.17a). After injection stopped, the open hole naturally
re-heated and then cooled (Stage III in Fig. 4.17a). The samples were then removed
from the triaxial equipment and re-heated to 473 K in the muffle furnace (Stage IV in Fig.
4.17a) before the next cooling-heating cycle. After the required cooling-heating cycles,
the samples were then subjected to high-pressure injection of cold water to determine
the (reduced) breakdown pressure, shown in Fig. 4.17b. In contrast to the cooling-heating
cycle, water with temperature of 323 K was injected into the borehole with a constant

0*: The thermal expansion coefficient is calculated from the thermal expansion coefficient of the dominant
minerals’ (30% K-feldspar and 47% oligoclase). Data from Hong et al. (2023).
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Figure 4.16: Description of (a) the granite samples used in the experiment and (b) the corresponding 2D
numerical model. A line of interface elements is used in the model to represent the potential fracture path, on
which fracture can be induced by injection of fluid.

injection rate of 30 mm3/min, leading to an average pressurisation rate of 0.386 MPa/s
until the breakdown pressure. Four cases were performed by Hong et al. (2023), including
monotonic fracturing test without cooling-heating cycle, 1 cycles, 3 cycles and 5 cycles
of such cooling and heating, which were labelled as W7, W8, W2 and W9 repsectively
(Hong et al., 2023). Experimental results show that a decreased breakdown pressure was
observed with the number of cooling-heating cycles increasing, as presented in Fig. 4.18.

4.5.2. NUMERICAL MODEL
A 2D symmetric model, shown in Fig. 4.16b, is constructed. Since a single fracture wing
was observed in the direction of σH after fracturing tests in the experiments, only a single
line of interface elements are inserted the direction of σH in the model to represent the
potential fracture path, which also aids to reduce the computational burden. Initial
stresses ofσH = 10 MPa andσh = 7 MPa are applied. The continuum elements are set to be
impermeable due to the extremely low permeability of the granite, but heat conduction is
allowed. Water is injected into the interface elements from the mid-node of the interface
element at the borehole wall. In Stage II of the cooling-heating cycles, the injection
pressure is kept constant at 2 MPa. In contrast, during the fracturing stage, the injection
rate is ramped to 30 mm3/min in 60 seconds and then kept constant. This simulated the
storage effect, where in the experiment the pressure build-up rate was an average of 0.386
MPa/s. The temperature at the borehole is controlled based on its evolution shown in Fig.
4.17.

The key parameters for the interface element are presented in the Tab. 4.3. Tensile
strength was determined via Brazilian test in original paper (Hong et al., 2023). The
cracking separation is set high to reduce artificial compliance, while the de-bonding
separation is determined from granite toughness. Since no element tests are available
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(a) (b)

Figure 4.17: Changes of borehole temperature and injection pressure in (a) one signle cooling-heating cycle;
and (b) monotonic fracturing test.

Figure 4.18: Breakdown pressure in the fracturing tests against the number of cooling-heating cycles and
simulations (Hong et al., 2023).
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for the samples used in this experiment, the S-N relationship is determined based on the
results of the breakdown pressure, shown in Fig. 4.18. However, since this is a fully THM
coupled problem, the actual applied normal stress (σA) on the first interface element at
the borehole during cooling-heating cycles and the degraded tensile strength (σnm) after
cycles cannot be obtained directly. First, to determine σA in the Equation 4.6, a coupled
THM simulation of the cooling stage is performed to determine the largest tangential

stress σcooling
t (at the wellbore in the direction of σH) reached during cooling, which is

σA. To determine the degraded tensile strength σnm, a coupled THM simulation of the
fracturing stage with high-pressure injection is performed to determine the tangential
stress σfrac

t (at the wellbore in the direction of σH). We simulate the monotonic fracturing
test, and pick the tangential stresses σfrac

t at which the normalised injection pressure
(defined as the ratio of the injection pressure to the monotonic breakdown pressure,
p/pmono

b ) reaches the corresponding normalised breakdown pressures (pb/pmono
b ) under

different cycles in the experiments. These picked tangential stresses σfrac
t are viewed as

the degraded tensile strengths σnm after different cooling cycles, as is shown in Tab. 4.4.
Now we have three data points of different cycles with corresponding degraded tensile

strengths under a given normal stressσA (σA here is constant since in stage 1 the injection
pressure and temperature were not changed.) Based on Equations. 4.1, 4.4 and 4.6, we
can determine the corresponding fatigue life Mf of these three cases. Then the parameter
a and b can be obtained by best-fitting the three data points.

Table 4.4: Degraded tensile strengths from the the experimental data (obtained by simulating the fracturing test
under monotonic injection) and from the simulation considering fatigue damage.

No. of cycles Exp. pb/pmono
b Exp. σnm/σn0 Simu. Df Simu. σnm/σn0

0 1 1 0 1
1 0.94 0.95 0.228 0.77
3 0.80 0.68 0.452 0.55
5 0.55 0.17 0.675 0.33

4.5.3. RESULTS AND DISCUSSION
Fig. 4.19a presents the normalised injection pressure response during the monotonic
fracturing test (i.e. without a cooling-heating cycle) while Fig. 4.18 compares the exact
injection pressure during monotonic fracturing in the experiment and simulation. The
simulated monotonic breakdown pressure pb is 19.5 MPa, around 20 % lower than that
(24.7 MPa) observed in the experiment. The working hypothesis is that the tensile strength
used in the model was taken from the strength measured at room temperature via the
Brazilian test (Hong et al., 2023), while the sample was heated to 473 K before conducting
the fracturing test. Other possible factors include the chosen values of the linear thermal
expansion coefficient α and the thermal conductivity λ. In the simulation, α is estimated
based on the thermal expansion coefficients of the dominant minerals (30% K-feldspar
and 47% oligoclase) of the granite used in the experiment (Hong et al., 2023). However,
the overall linear thermal expansion coefficient of the rock sample could be different from
the one calculated from mineral components. In addition, the thermal conductivity is not
mentioned in their paper, and is estimated here. Moreover, due to the limited number of
samples tested, sample heterogeneity could play a significant role.
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Figs. 4.19b, 4.19c and 4.19d shows the normalised pressure response during the
fracturing tests after 1, 3 and 5 cooling-heating cycles, respectively. A clear trend of
decreasing pb with increasing number of cycles that was observed in the experiment is
well reproduced in the simulation, as is demonstrated in also Fig. 4.18. The decreased
pb is a result of the fatigue damage accumulated during the cooling-heating cycles, in
which both the thermal stress and the 2 MPa injection pressure have an impact. The
accumulated fatigue damage and corresponding simulated σnm/σn0 are listed in Tab.
4.4. The fatigue damage variable Df increases with increasing number of cooling cycles,
contributing to the reduced breakdown pressure. One thing worth explaining is that the
values of σnm/σn0 after 1 and 3 cycles are lower than their counterparts determined from
experimental data, while the value after 5 cycles is higher. This is because the S-N curve is
determined by best-fitting for the three data points, leading to an overall least distance to
these three points while different differences between the simulated and experimental
σnm/σn0.

(a) Pressure response of W7 (monotonic injection). (b) Pressure response of W8 (1 cycle).

(c) Pressure response of W2 (3 cycles). (d) Pressure response of W9 (5 cycles).

Figure 4.19: Normalised pressure (pb/pmono
b ) response during the fracturing tests of the selected cases W7

(monotonic injection without cooling-heating cycle), W8 (1 cycle), W2 (3 cycles) and W9 (5 cycles) in the
experiment and simulation. Note that the simulation is stopped after the breakdown pressure is overcome.
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4.6. CONCLUSIONS
To enable the simulation of cyclic thermal stimulation to geothermal reservoir a cohesive
interface element has been improved, adding a fatigue damage variable into the elasto-
damage constitutive law that characterises the mechanical response of the interface
element. The interface element can be used to model pre-existing or new fractures. The
fatigue damage variable is determined by the number and magnitude of the cycles.

The proposed method is validated against three experiments from literature with
different thermo-hydro-mechanical coupling, including the cyclic Brazilian test, the
cyclic hydraulic fracturing test and the cyclic thermal stimulation test. All three validation
results show the fatigue damage due to cyclic loading or reduced breakdown pressure
due to cyclic injection/cyclic cooling-heating treatment can be well reproduced by the
proposed method. In addition, the ability of the method to handle varying-amplitude
cyclic loading is also demonstrated by the simulation of a synthetic cyclic loading based
on the Brazilian test, in which the results show different patterns of the varying amplitude
can lead to a different fatigue life. The method can be used in simulations to support the
design of cyclic thermal stimulation strategy for geo-energy projects, such as geothermal
energy production. Extensive experimentation may be needed to determine the fatigue
damage variable evolution, and further efforts could be made to determine this more
efficiently, e.g. from data collected during field tests.





5
NUMERICAL STUDY OF THE SOFT

STIMULATION SCENARIOS

In this chapter, the previously developed tool is used to study the mechanisms underlying
rock damage, and analyse the performance of different stimulation scenarios of a synthetic
clogged reservoir. The properties of this synthetic reservoir are inspired by the geothermal
project installed on the TU Delft campus and surrounding geothermal projects. First, the
data collection and the synthetic reservoir are introduced. The simulation results are then
presented to assess the effectiveness of different stimulation scenarios, including monotonic,
stepwise, and cyclic stimulation (varying injection temperature or injection rate), as well
as stepwise cyclic stimulation. Simulation results show that stepwise stimulation yields
the most favourable outcomes, followed by stepwise cyclic stimulation. Fatigue effects are
seen to play only a negligible role in the improved performance since the tensile stress at the
fracture tip is relaxed with the continuous fracture growth. In addition, cyclic-injection-
temperature stimulation is seen to be generally neither better or worse than monotonic
stimulation, but has slightly different characteristics, creating more local damage controlled
by the period of cyclic injection, with almost identical injection pressures to achieve the
same injection rate.

This chapter has been submitted for publication as Luo et al. (2025b)
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5.1. INTRODUCTION
The geothermal project on the TU Delft campus comprises a doublet installed in a sedi-
mentary system. It was drilled in 2023 and is designed for both research and commercial
thermal energy supply (Vardon et al., 2024). The two wells target the early Cretaceous Delft
sandstone formation, which is a matrix-dominated reservoir located at approximately 2
km beneath the Delft campus. The reservoir permeability in the high-permeability zones
is up to 1.6 Darcy (1.6 × 10−12 m2) according to logging data (Voskov et al., 2024) and well
testing results. Therefore, initial stimulation is not anticipated to be needed. Hot water
is predicted to be produced at around 353 K, with an initial maximum production rate
of 350 m3/h, and the cooled-down water will be re-injected to the same reservoir at a
temperature that can be as low as 293 K, which would result in a 25 MW supply of thermal
energy at peak conditions in an environmental-friendly way (Vardon et al., 2024).

The longevity of such projects is critical for achieving economic performance and
maximising their contribution to low-carbon energy supply. Several geothermal doublets
in the Netherlands and beyond have reported a decline in injectivity, which is believed to
be the result of microbiological activity and chemical scaling (Water Research Institute
(KWR), 2015; Croese et al., 2019). Generally, fine migrations (Ochi & Vernoux, 1998), clay
swelling (Priisholm et al., 1987), scaling (Tranter et al., 2020) and microbial activity can
play a key role in impairing injectivity in sandstone reservoirs. Experimental studies
(see Ochi & Vernoux, 1998; Fadili et al., 2022; Chai et al., 2022, among others) have
shown that the mobilisation of particles due to either low salinity of the injected water or
hydrodynamic effects can reduce the injectivity of sandstone. Priisholm et al. (1987) and
Krishna Mohan et al. (1999), among others, have shown irreversible permeability loss of
sandstone samples following the injection of brines due to clay swelling. Field studies
and subsequent analyses have demonstrated that occurrence of scaling due to changes in
the thermodynamic equilibrium resulting from the injection of cooled water (Tut Haklidir
& Özen Balaban, 2019; Markó et al., 2021; Luo et al., 2023).

Flooding experiments on sandstone samples conducted by Yu et al. (2018) showed
an 80% reduction in permeability due to fine migration, while pore-scale studies by
Tang et al. (2020) and He et al. (2025) reported a 2 to 3 orders of magnitude reduction
in permeability. The penetration depth of the clogging can be in different scales, from
millimetres to metres. For example, Timmer et al. (2003) reported that the clogging
material was concentrated as pore-reducing coatings around and between sand grains in
the first 100 mm outside the wall of the shallow boreholes used to extract groundwater in
South Holland. Experimental works by Messer et al. (1978) and Abrams (1977) suggested
significant clogging up to 0.6 m from the borehole (due to fines migration), and 1.2 m (due
to silica scaling) from the borehole wall in the Veysey Well 1, in Imperial Valley. A similar
penetration depth is also reported in Franco et al. (2006), in which sonic investigation was
conducted to determine the clogged zone extent in a case in the North Sea. Analysis of
drill stem test data via dimensionless pressure transient equation suggested an impaired
permeability of 48.3 milliDarcy (mD) was likely to have occurred in the near-borehole
zone up to a distance of 3.6 m from the borehole wall for a well called Prz-2 (Szpunar &
Budak, 2012), where the initial reservoir permeability was 140.6 mD).

There are a number of potential techniques to recover from injectivity decline (see
Chapter 2), the effectiveness of which largely depends on the cause of the decline. Thermal
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effects on injectivity have been observed (see Chapter 2), and thermal stimulation has
been proposed. Yet, limited laboratory and field tests have been carried out (Grant
et al., 2013; Luviano et al., 2015). In addition, cyclic stimulation has been suggested
and tested in the laboratory and field to achieve stimulation performance with reduced
risk of induced seismicity (Hofmann et al., 2019; Jung et al., 2021; Zang et al., 2025), as
fatigue effects are believed to play a role. Combining thermal and cyclic stimulation
could further improve the stimulation performance while further reducing the required
injection pressure. However, studies on cyclic thermal stimulation have rarely been
reported. Therefore, in this chapter, the previously developed geo-mechanical tool is used
to understand the underlying mechanisms and compare the stimulation performance of
different stimulation scenarios of a synthetic reservoir, which is assumed to be partially
clogged. The scenario is inspired by the geothermal project installed on the TU Delft
campus and nearby geothermal projects. In the following, the synthetic reservoir is
first described, after which the modelling method is presented. After introducing the
investigated stimulation scenarios, the results are presented and discussed. The main
conclusion is then summarised.

5.2. SYNTHETIC RESERVOIR WITH CLOGGED NEAR-BOREHOLE

ZONE

The potential of stimulation is analysed on a synthetic case of a sandstone reservoir with
clogged near-borehole zone.

The synthetic reservoir is assumed to be a non-fractured sandstone reservoir, inspired
by the Delft Sandstone Formation. A borehole with a radius of 0.2 m is located at the centre
of a circular domain with a radius of 500 m and a thickness of 100 m. A near-borehole
zone with a radius of 5 m is assumed to be clogged, with impaired permeability decreasing
to 1% of the initial reservoir permeability k0. Clogging with a (much) smaller distance
from the borehole wall could exist, but in this case, either chemical or mechanical means
could probably be used to rehabilitate the well. Therefore, a reasonably extreme case has
been selected.

Representative reservoir data is collected from the TU Delft campus geothermal
project. Comprehensive data has been collected during the drilling of the doublet (Vardon
et al., 2024), including from cores and a large suite of open-hole well logs in the reservoir
section of both wells. With regional knowledge, the data from the doublet and surrounding
wells, a normal faulting regime can be assumed. Logging data and regional knowledge
allows an estimation of the pore pressure to be around 21 MPa and in-situ stresses to be
σv = 48 MPa, σH = 42 MPa and σh = 38 MPa, at depth of 2000 m. According to regional
studies, the azimuth of the σH is between N130◦E and N150◦E. After drilling, the well
DEL-GT-01 has been tested by means of a gas-lift, providing valuable information of the
reservoir quality, such as permeability and temperature. In addition, previous oil and
gas explorations and other nearby geothermal projects provide a large dataset including
hydraulic, thermal and mechanical properties (Aramburo Velez, 2017; Soustelle et al.,
2022). The properties used in exploratory analysis are summarised in Tab. 5.1.
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Table 5.1: Reservoir data for the explorartory analyses, based on the Delft Sandstone Formation (Aramburo Velez,
2017; Soustelle et al., 2022; Vardon et al., 2024; Voskov et al., 2024)

Parameter Symbol Value Unit
Reservoir thickness Hr 100 m
Total vertical stress σv 48 MPa

Total maximum horizontal stress σH 42 MPa
Total minimum horizontal stress σh 38 MPa

Initial reservoir pressure pwi 21 MPa
Initial reservoir temperature Ti 353 K

Reservoir porosity φ 0.17 -
Solid density ρs 2650 kg/m3

Reservoir permeability k0 1.6 × 10−12 m2

Impaired permeability k ′
0 1.6 × 10−14 m2

Young’s modulus E 11.5 GPa
Poisson’s ratio ν 0.15 -

Unconfined compressive strength σc 48 MPa
Tensile strength* σt 4.8 MPa

Internal friction coefficient µ 0.75 -
Volumetric thermal expansion coefficient β 6.5E-5 1/K

Thermal conductivity λ 3 W/(m·K )
Specific heat capacity cps 2450 kJ/(m3·K)

*: σt is assumed to be 1/10 of σc, which is derived from logging data.

5.3. METHOD

5.3.1. NUMERICAL MODEL

Geometry and mesh. To simulate the near-borehole coupled processes under thermo-
hydraulic stimulation in the synthetic reservoir, a symmetric plane strain 2D horizontal
model with a domain radius of 500 m is constructed, shown in Fig. 5.1a. The domain
is composed of 3 material groups with radius from (0.2 m - 5 m), (5 m - 10 m) and (10
m - 500 m) respectively, in order to assign different properties to the clogged zone and
unclogged zone, and to insert interface elements only in the near-borehole domain (0.2
m - 10 m). A borehole with radius of 0.2 m is placed at the centre.

The model is meshed with 2nd-order triangular continuum elements, with interface
elements inserted in between all the continuum elements within the inner region from 0.2
m - 10 m radius to enable arbitrary fracture initiation and propagation near the borehole
(see Fig. 5.1b). This approach ensures reasonable reservoir performance taking into
account the far-field behaviour while minimising computational and memory demands
by avoiding interface elements throughout the entire domain. As shown in Chapter 4,
insertion of interface elements in between continuum elements to provide potential
cracking paths in intact rock will introduce artificial compliance that have an impact
on thermo-hydro-mechanical response (although this is not an issue when interface
elements are used to represent pre-existing discontinuities.). To reduce the mechanical
artificial compliance, the stiffness of the interface elements is set as high as possible
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500 m

10 m 0.2 m

T & pw fixed

Qinj at an environment node 

IF elements inserted
only in this region

Only continuum elements in this region
Ti = 353 K

pwi = 21 MPa

σh = 38 MPa σh = 38 MPa

σH = 42 MPa

Tinj fixed around borehole

(a)

(b)

Figure 5.1: Schematic of the (a) Numerical model domain with boundary conditions. Not to scale. An envi-
ronment node is used to mimic the wellbore, on which the injection rate is applied. The environment node
is connected with the borehole nodes without flow resistance. Interface elements are inserted in bewteen all
the continuum elements within the inner region from 0.2 m - 10 m radius (the dark gray region). Outside this
region, only continuum elements are used; and (b) meshing of the domain.
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without causing numerical difficulties, i.e. a lack of convergence, as discussed in Chapter
4. The hydraulic and thermal artificial compliances can be reduced in a similar way, by
assigning a high transversal transmissivity of the interface element to reduce the flow
resistance. The detail of reducing the hydraulic and thermal artificial compliances is
presented in Appendix B.

Initial and boundary conditions. In the numerical model, the initial stresses are σH

= 42 MPa in y direction while σh = 38 MPa in x direction. The displacement at the
line of symmetry boundary (bottom as shown in Fig. 5.1a) is fixed in y direction due
to symmetry, while at the far-field boundary the displacement is fixed in both x and y
directions. A uniform normal load, which is equal to the steady-state injection pressure,
is distributed around the borehole throughout the simulation time, leading to a zero
effective stress around the borehole. In addition to the mechanical boundary conditions,
temperature and fluid pressure are fixed at initial values at the far-field boundary. A
constant injection rate q2D (kg/(m·s)), leading to a total injection rate Qinj (m3/h, = 2 ×
×3600×Hr ×ρw ×q2D) for the open-hole section with thickness of Hr, is applied on an
environment node, which is connected to the borehole nodes without resistance to mimic
the wellbore. The temperature at the borehole wall is fixed at the injection temperature
Tinj.

Constitutive models and parameters. The elastic model is used for the continuum
elements, while the previously developed elasto-damage law (see Fig. 5.2) that incorpora-
tes the fatigue damage into the tensile branch is used for the interface elements. In the
loading condition, the normal and tangential (to the mid-plane of the interface element)
stresses are given by the following expressions:

σ′
n =

{
(1−D)Knmrn if rn ≥ 0

Kn0rn if rn ≤ 0
(5.1)

σl = (1−D)Kl0rl (5.2)

where σ′
n [Pa] represents Terzaghi’s effective normal stress, defined as σ′

n =σn +pm
w , and

Kn0 = σn0/rn0 [Pa/m] is the initial normal stiffness while Knm = σnm/rn0 is the normal
stiffness after mth cycles and σnm = (1−Df)σn0. σl and rl are the tangential stress and
separation respectively, and Kl0 = σl0/rl0 is the tangential stiffness. Note that in the
context of this paper, the slopes Kn0 is interpreted as penalty coefficients, thus allowing
negligible interpenetration of fracture surfaces regardless of their roughness (Cerfontaine
et al., 2015). To enforce the contact constraints, the slope should be set high enough to
reduce artificial compliance (Liaudat et al., 2023). However, the choice of their values
is a trade-off between having artificial compliance and having numerical convergence
problems.

Additionally, D is the damage variable ranging from 0 (intact rock) to 1 (fully separated
fracture). This damage variable evolves as follows:

D = min

(
ω̄

1+ ω̄
1

η
,1

)
(5.3)
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Figure 5.2: The elasto-damage law. (a) Tensile branch incorporating the fatigue damage; (b) Shear branch

ω̄= max(ω) (5.4)

ω= 〈( 〈rn〉
rn0

)β+ (
|rl|
rl0

)1/β−1〉 (5.5)

η= 1− rn0

rnc
= 1− rl0

rlc
(5.6)

where ω is a positive scalar that defines the mechanical degradation of the interface
element for a given normal separations, ω̄ is a history variable that stores the maximum
value reached by ω during the loading history, and 〈·〉 = (·+ | · |)/2 is the Macaulay bracket
(Liaudat et al., 2023). β is a material parameter that characterise the mixed mode damage
and is assumed to be 1 in this work (Liaudat et al., 2023). The above equations state
that if the separation rn (or rl) is less than the normal crack separation rn0 (or rl0), the
damage variable D is then zero. If rn0 < rn < rnc (or rl0 < rl < rlc), D is between 0 and 1,
determined by the ratio of (rn − rn0)/(rnc − rn0) and (rl − rl0)/(rlc − rl0). Otherwise if rn

(or rl) is beyond the debonding separation rnc (or rlc), D is forced to be 1, indicating a
completely separation of the interface element.

The fatigue damage is defined as:

Df =
∑

i

(
1− σAi

σn0

)
1

Mfi
(5.7)

where i indicates the i th cyclic loading that has a maximum amplitude of σAi . Mfi is the
fatigue life corresponding to the applied loading level σAi .

An empirical S-N relationship is used as a criterion to determine the fatigue life Mfi ,
which relates the maximum value of the cyclic loading (σAi ) to the fatigue life Mfi of the
rock. It reads (Cerfontaine & Collin, 2018; Xi et al., 2021):

σAi

σn0
= a log10 Mfi +b (5.8)

where a and b are model parameters that can be determined from experimental data.
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The parameters assigned to the continuum elements are presented in Tab. 5.1, while
the parameters for the interface elements are summarised below in the Tab. 5.2. Note
that the initial longitudinal transmissivity of the interface element is determined as
equivalence to the impaired permeability of the continuum element via Equation 3.32 in
Chapter 3, while the transversal transmissivity is set to a high value to reduce artificial
compliance, as discussed in Appendix B.

The parameters a and b that describe the S-N relationship are determined by fitting
the experimental data collected from literature. All the strength used was measured using
sandstone rock samples. The fitting curve is shown in Fig. 5.3.

Figure 5.3: S-N relationship determined by fitting the experimental data collected from the literature.

q
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Table 5.2: Input parameters for the interface elements used in the model

Parameter Symbol Value Unit
Tensile strength σn0 4.8 MPa
Tensile cracking separation rn0 1E-7 m
Tensile debonding separation rnc 1E-6 m
Shear strength σl0 32 MPa
Shear cracking separation rl0 1E-7 m
Shear debonding separation rlc 1E-6 m
Mechanical viscosity ζ 1E14 Pa·s/m
Parameter a a -0.0361 -
Parameter b b 0.9926 -
Initial aperture w0 1E-5 m
Initial longitudinal transmissivity (non-clogged) t l

0 1.6E-17 m3

Initial longitudinal transmissivity (clogged) t l
0 1.6E-19 m3

Initial transversal transmissivity (in both cases) tb/t
0 1E-10 m2

Stabilisation coefficient* δ· h 10 m
*: δ is a tuning parameter and h is the element length (see details in Appendix B),
which are used in both longitudinal and transversal heat transfer in the interface
elements to stabilise the numerical solution.

5.3.2. INVESTIGATED SCENARIOS
The model including interface elements (with stabilisation and interface element parame-
ters selected for accuracy) will be used to study various synthetic injection and stimulation
scenarios with fully coupled THM processes and fatigue damage considered, allowing
fracture initiation and propagation. The normal scenario, i.e. cold water injection into the
reservoir without any clogging, is presented and discussed in Appendix C. In this chapter,
the focus is on the different stimulation scenarios, including monotonic, stepwise, cyclic
stimulation and combined stepwise and cyclic stimulation, based on the reservoir with
clogged near-borehole zone (assuming a clogged radius of 5 m where the permeability
is reduced to 0.01 k0) to evaluate the stimulation performance of different stimulation
strategies. Considering the large computational burden and the soft stimulation practice
performed in Pohang geothermal field (Hofmann et al., 2019), the total operation period
is restricted in 5 days. Tab. 5.3 summarises the investigated scenarios, which are further
detailed below.

The simulation of different stimulation scenarios for a synthetic reservoir with clogged
near-borehole zone are then carried out. First, monotonic (increased to the designed
flow rate in 1 s and then kept constant) injection of cold water with different injection
rates, labelled as M1 (Qinj = 360 m3/h), M2 (Qinj = 288 m3/h), M3 (Qinj = 216 m3/h)
and M4 (Qinj = 54 m3/h), are first simulated. Based on scenario M1, the simulations
of coupled hydro-mechanical (H-M), thermo-hydraulic (T-H) and fully coupled THM
processes are compared to highlight the influence of the temperature and the initiation
and propagation of fractures. In addition, the effects of different injection temperatures
(∆T = 35 K, 40 K, 45 K) are further discussed, with simulations based on M2.

Secondly, two stepwise stimulations, as is shown in Fig. 5.4a (labelled as S1) and Fig.
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Table 5.3: Synthetic injection scenarios. The total injection time is 120 h. In each cycle of the scenario C 1, the
∆T is kept at 40 K for ∆t , which can be 5 hours or 10 hours, and then kept at 0 K for another 0.9 ∆t . In each cycle

of scenario C 2 and C 3, the Qinj is kept at Qmax
inj for ∆t

′
, which can be 6 min or 12 min, and then kept at Qmin

inj for

another 0.5∆t
′
.

Inj. scheme Label Inj. rate, Qinj (m3/h) ∆T (K ) = Tinj −Ti

Clogged reservoir (k = 0.01k0 within rc = 5 m)

Monotonic

M1 360 0/40
M2 288 35/40/ 45
M3 216 40
M4 54 40

Stepwise
S1 216 → 216 (each 60 h) 40
S2 108 → 216 → 216 (each 40 h) 40

Cyclic Tinj C 1 216 40 (∆t ) ↔ 0 (0.9∆t )

Cyclic Qinj
C 2 5.4 (0.5∆t

′
) ↔ 54 (∆t

′
) 40

C 3 28.8 (0.5∆t
′
) ↔ 216 (∆t

′
) 40

Cyclic + stepwise
C S1 (5.4↔54)→ (54↔216) 40
C S2 (5.4↔54)→ (54↔108)→ (108↔216) 40

5.4b (labelled as S2), are investigated with ∆T fixed at 40 K.

Thirdly, different cyclic stimulations, as is shown in Fig. 5.4c (labelled as C 1) and
Fig. 5.4d (labelled as C 2 or C 3), are investigated. Scenario C 1 represents the injection
temperature is cycled with fixed injection rate, while scenarios C 2 and C 3 represent the
injection rate is cycled with fixed injection temperature. For scenario C 1, the ∆T is cycled
between 0 K and 40 K, with injection rate fixed at 216 m3/h. In one complete cycle, the
∆T is first kept at 40 K for a period of ∆t , which can be 5 hours or 10 hours, and then
changed to 0 K for 0.9∆t , which is chosen to avoid numerical divergence (happens if
keeping ∆T = 0 K for ∆t ) while keeping enough time for the reservoir to warm up. In
contrast, for scenarios C 2 and C 3, the maximum injection rate is either 54 m3/h or 216
m3/h respectively, while the minimum injection rate is Qmax

inj /10 instead of shut in (for
numerical convergence and practical reasons, e.g. to avoid the largest seismic events
which have been observed during shut-in (Baisch et al., 2010; Park et al., 2017; Hofmann
et al., 2019)), with the ∆T fixed at 40 K. In one complete cycle, the injection rate is first
kept at its maximum Qmax

inj (= 216 m3/h or 54 m3/h) for a period of ∆t
′
, which can be 6

min or 12 min, and then the injection rate decreases to Qmin
inj (= Qmax

inj /10), which is kept

for ∆t
′
/2. Note that the ∆t is much larger than ∆t

′
since the heat transfer is much slower

than hydraulic process.

Fourthly, a combination of cyclic and stepwise stimulation strategy is investigated,
as is shown in Fig. 5.4e (labelled as C S1) and Fig. 5.4f (labelled as C S2). Scenario C S1
is a combination of cyclic injection rate and the stepwise scenario S1, while scenarios
C S2 is a combination of cyclic injection rate and the stepwise scenario S2. The injection
temperature is fixed in both scenarios.
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(a) S1 (b) S2

(c) C 1 (d) C 2 or C 3

(e) C S1 (f) C S2

Figure 5.4: Visualisation of the investigated scenarios. (a) - (b): Stepwise stimulation scenarios. Injection
temperature is fixed at 313 K. (c): The cyclic injection temperature scenario C 1, where ∆t is the cycle period,

which is either 5 hours or 10 hours. (d): The cyclic injection rate scenario C 2 or C 3, where ∆t
′

is the cycle
period, which is 6 min or 12 min. Maximum injection rate is 54 m3/h or 216 m3/h, while the minimum injection
rate is Qmax

inj /10, with injection temperature fixed at 313 K. (e) - (f): Combined cyclic and stepwise stimulation

scenarios C S1 and C S2.
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5.4. RESULTS AND DISCUSSION

5.4.1. MONOTONIC STIMULATION (M1 - M3)
This section considers the response of the reservoir with near-borehole clogging to mo-
notonic injection with different rates and temperatures. To compare results, an average
damage variable (D̄) is defined as the average value of damage variables over the interface
elements along a line through the 5 m radius clogged zone in the direction of the maxi-
mum initial stress σH, i.e. the location where the main fracture is expected to be induced
and propagate. D̄ can be used to indicate the length of the main fracture and therefore
indicate if the main fracture breaks through the clogged zone. An average damage variable
(D̄) of 1 along this line indicates the main fracture breaks through the 5 m clogged area,
thus connecting the wellbore and the un-clogged zone.

Fig. 5.5 compares the pressure response under fixed Qinj = 360 m3/h with consi-
deration of coupled THM (with ∆T = 40 K), T-H (with ∆T = 40 K) and H-M (with ∆T
= 0 K) processes in the simulations. Results show that the injection pressure reaches
a constant value at 32.5 MPa quickly for the case of H-M simulation, indicating that
steady state is reached quickly due to the fast pressure diffusion. In contrast, for the
case of T-H simulation, the injection pressure keeps increasing to 39.5 MPa, at which the
pressure remains approximately constant, as a result of the propagation of the cooling
front, which increases the viscosity therefore flow resistance. If the fully coupled THM
processes are considered, the injection pressure increases to 34.1 MPa, and then sharply
and continuously decreases as a result of the initiation and propagation of near-borehole
fractures. At approximately t = 65 h, there is a sudden and significant drop in the pressure,
indicating that fracture(s) breaks through the clogged zone, and connects the wellbore
and the un-clogged zone. The comparison highlights the importance of the consideration
of the fully coupled THM processes and the initiation and propagation of fractures.

Figure 5.5: Comparison of injection response under coupled THM, T-H, H-M simulations with Qinj fixed at 360

m3/h (M1 scenario).

As shown in Fig. 5.6, in the M1 scenario (the fully coupled THM case), there is a main
fracture propagating in the direction of the major principal stress and two symmetric
fracture branches induced which are oriented around 45◦ and -45 ◦ (0◦ is defined to be in



5.4. RESULTS AND DISCUSSION

5

103

the North). To explain this phenomenon, Fig. 5.6 presents the fractures evolution with
the distribution of the major principal stress σ1 in the near-borehole zone, taking the
case of Qinj = 360 m3/h and ∆T = 40 K as an example. In the first few hours, as is shown
in Fig. 5.6a - 5.6c, small fractures are induced around the borehole due to the thermal
stress and hydraulic pressure. Although pore pressure and temperature changes act as
isotropic scalar loads, the initial stresses and applied stresses lead to the strongest tensile
stress to be in the direction of σH (i.e. y direction). Therefore, the main fracture opens
first, pushing the side fractures to close. On the other hand, the stress concentration at
the borehole wall due to both cold fluid injection causes further tensile stresses which
remain lowest in the direction of σh and highest at the tip of the already opened fracture.
In addition, the mesh also plays a role. The edges of the elements are radially intersecting
the borehole in the direction of 45◦, 90◦ and 135◦, as shown in Fig. 5.1b, in which the
mesh is presented. In contrast, in other directions, the edges of the elements intersect
with the borehole with an angle deviated from the radial direction. Therefore, the normal
stress applied on these interface elements (edges) is lower than the first principal stress,
and are unable to open the interface elements. Consequently, fracture branches find its
easiest way to propagate in the direction of 45◦ and 135 ◦, while fracture branches in other
directions are closed.

10 m 5 m

(a) t = 2 h

10 m 5 m

(b) t = 4 h

10 m 5 m

(c) t = 8 h

10 m 5 m

(d) t = 40 h

10 m 5 m

(e) t = 80 h

10 m 5 m 

σ1, MPa
8

-20

(f) t = 120 h

Figure 5.6: Distribution of the first principal stress σ1 at different time steps with deformed mesh under Qinj =

360 m3/h and ∆T = 40 K (M1 scenario). The legend range is -20 MPa (compressive) to 10 MPa (tensile). The
deformation is 50 times enlarged, and only the domain within a radius of 10 m is shown.

Fig. 5.7a compares the injection pressure and evolution of the averaged damage varia-
ble D̄ for scenarios M1 to M4 with fully coupled THM processes under different injection
rate Qinj at fixed ∆T = 40 K. As is shown in Fig. 5.7a, all simulations show substantial
damage, with D̄ reaching values well above 0.8 when the injection rate is 216m3/h, 288
m3/h, and 360 m3/h. The sudden drop in injection pressure at approximately t = 118h
and t = 70h is observed for the cases of Qinj is 288 m3/h and 360 m3/h respectively, with
the corresponding D̄ at 1, indicates a fracture fully penetrating the clogged area. If the in-
jection rate is largely reduced to 54 m3/h, the length of the fracture(s) is limited, although
damage is seen to continuously occur.
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In addition, the pressure around the tip of the main fracture is relaxed in the clogged
area as a result of breaking through the damage area, as is shown in Fig. 5.8c, while for
the case of Qinj = 360 m3/h, the injection pressure is recovering as the cold front moves
further, though the main fracture breakthroughs the clogged area. For the other two cases
(Q = 54 m3/h and 216 m3/h), no pressure relaxation happens since fracture is shorter and
does not breakthrough the clogged area. A high peak of injection pressure at 28.9 MPa -
34.1 MPa is observed when Qinj is equal to or higher than 216 m3/h, which is significantly
higher than the injection pressure (21.5 MPa) for the unclogged reservoir, and could
potentially increase the risk of induced seismicity and equipment failure.

Fig. 5.7b compares stimulation performance with different injection temperatures
with the same injection rate (M2 scenario). The results show no significant difference
in peak pressure, all at around 31.5 MPa, while a larger temperature difference of ∆T =
45 K and 40 K can result in earlier breakthrough of the clogged zone and lower injection
pressure after reaching the peak pressure. This is because, as shown in Fig. 5.9c, the large
thermal stress leads to a more damage around the borehole, even complete separation of
some continuum elements, which results in the early stop of simulations due to lack of
convergence (for the case of ∆T = 45 K), as shown in Fig. 5.7b. In contrast, ∆T = 35 K does
not results in a breakthrough of the clogged zone, with the injection pressure reducing by
the least, reducing only to 26 MPa at t = 120 h, with pressure accumulation around the
main fracture, shown in Fig. 5.9a.

Comparing Fig. 5.7a and 5.7b, it demonstrates that both increasing the injection rate
Qinj and the temperature difference ∆T can improve the stimulation performance. Yet,
increasing the injection rate comes with increasing peak pressure, which could lead to
higher risk of inducing seismicity. In contrast, increasing the temperature difference
seems to be a more safe and efficient method to improve the simulation performance,
with the same peak pressure but significantly more damage and lower injection pressure.
However, increasing the temperature difference should be always implemented with care
to meet environment regulations and avoid temperature-sensitive clogging processes.
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(a) (b)

Figure 5.7: Injection pressure and averaged damage variable evolution under (a) M1 to M4 scenarios, different
injection rate with fixed ∆T = 40 K; and (b) M2 scenario different ∆T with fixed Qinj = 288 m3/h. The damage
variable is averaged over the interface elements along a line through the 5 m clogged area from the borehole to
the outer radius in the direction of the maximum initial stress σH.
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Figure 5.8: Pressure distribution at t = 120 h with deformed mesh under different injection rate (∆T is fixed at
40 K) - M1 to M4 scenarios. (a) Qinj = 54 m3/h; (b) Qinj = 216 m3/h; (c) Qinj = 288 m3/h; (d) Qinj = 360 m3/h.
The deformation is 50 times enlarged, and only the domain within a radius of 10 m is shown.



5

106 5. NUMERICAL STUDY OF THE SOFT STIMULATION SCENARIOS

10 m

(a)

10 m

(b)

pw, MPa
28

2110 m

(c)

Figure 5.9: Pressure distribution at t = 120 h with deformed mesh under different temperature difference (Qinj

is fixed at 288 m3/h) - M2 scenario. (a) ∆T = 35 K; (b) ∆T = 40 K; (c) ∆T = 45 K. The deformation is 50 times
enlarged, and only the domain within a radius of 10 m is shown.

5.4.2. STEPWISE STIMULATION (S1 - S2)
In this section, the stepwise and cyclic stimulation strategies are evaluated, assuming
the maximum injection rate Qmax

inj is 216 m3/h and the maximum temperature difference

∆T max is 40 K.

Fig. 5.10 compares the injection pressure (pinj) and averaged damage variable (D̄)
under monotonic stimulation scenario M2 and stepwise stimulation scenario S1 and
S2. It is shown that with stepwise stimulation, compared with monotonic stimulation, a
lower maximum injection pressure is achieved with more gradual damage. The three-step
scheme (S2) leads to better stimulation performance (i.e. a lower maximum injection
pressure) than the two-step scheme (S1). The highest pressure under monotonic stimu-
lation, shown in Fig. 5.10a, is about 28.9 MPa, while that under stepwise stimulation S1
is about 27.4 MPa and that under S2 is 25.4 MPa, shown in Fig. 5.10a. The decreasing
maximum injection pressure is because damage is accumulated in the previous steps, in
which the injection rate is low.

In the stepwise simulations, the main fracture is shown to be shorter than that under
monotonic stimulation, though the main fracture grows to a slightly smaller length in
the end of the stimulation (see Fig. 5.10b). At the final time step, the main fracture
under scenario S2 is longer than that under scenario S1, leading to a lower pressure
at the borehole and around the main fracture, as shown in Fig. 5.11. In all scenarios,
no high-way connection is made between the borehole and the un-clogged zone, thus
relatively high pressure remains around the main fracture - which could be addressed by
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further increasing the injection rate. In addition, the reservoir has few fractures outside
the main fracture, so it is unlikely to have subsequent problems such as sand production.

It can be concluded that the stepwise stimulation strategy has better stimulation
performance than monotonic stimulation, as it reduces the required peak injection
pressure (substantially), reduces long-term injection pressures (slightly) and slightly
decreases overall reservoir damage.

(a) (b)

Figure 5.10: Comparison of the (a) injection pressure (pinj); and (b) averaged damage variable (D̄) evolution
under monotonic stimulation scenario M2 and stepwise stimulation scenarios S1 and S2. The temperature
difference ∆T is fixed at 40 K.
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(b) Scenario S2

Figure 5.11: Pressure distribution with deformed mesh at t = 120 h (deformation enlarged 100 times), and only
the domain within a radius of 10 m is shown.

5.4.3. CYCLIC STIMULATION (C1 - C3)
SCENARIO C1: CYCLIC INJECTION TEMPERATURE

Fig. 5.12a compares the injection pressure response under monotonic and cyclic-
temperature injection. It can be seen that the highest injection pressure during cyclic-
temperature injection is slightly higher than that under monotonic stimulation. In ad-
dition, the main fracture does not breakthrough the clogged zone in either scenario, as
is indicated in Fig. 5.12b. In Fig. 5.13, the main fracture and the fracture branching are
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longer and larger under monotonic stimulation (the results of pressure are shown in Fig.
5.8b, which highlight the fracture extend better) than those under cyclic-temperature sti-
mulation, though there are more secondary fractures induced during cyclic-temperature
stimulation. However, the resulting long-term injection pressure is similar in all cases.
The extent of the secondary fractures are seen to be controlled by the time period of the
injection of cold water, as is shown in Fig. 5.13.

It is therefore concluded that cyclic-temperature stimulation (within the bounds
of the scenarios considered here) is generally neither better or worse than monotonic
stimulation, but has slightly different characteristics. Monotonic injection creates a larger
single fracture which breaks through the clogged zone, whereas thermal cycles create
more local damage controlled by the period of the cyclic injection.

(a) (b)

Figure 5.12: (a) Injection pressure evolution; and (b) corresponding averaged damage variable evolution under
monotonic and cyclic-temperature stimulation with Qinj = 216 m3/h - scenario C 1. Cyclic period is 5 hours and
10 hours.

SCENARIO C2 & C3: CYCLIC INJECTION RATE

In Scenario C 2, cyclic stimulation with a lower maximum injection rate (54 m3/h) is
investigated. Fig. 5.14a compares the pressure response and averaged damage variable
under monotonic stimulation M4 and 12 min cyclic stimulation with and without the
fatigue damage. It shows that the peak pressure under monotonic stimulation is slightly
higher than cyclic stimulation. This is because the cyclic injection scheme slows down the
pressure build up and at the same time, near-borehole damage is accumulated, resulting
lower peak pressure. In the 5-day stimulation, the monotonic scheme shows the best
stimulation performance, with a lower maximum injection pressure and longer main
fracture (indicated by the averaged damage variable) after the first 20 hours. In addition,
a comparison of the injection pressure under cyclic stimulation with and without fatigue
damage included, demonstrates that fatigue damage makes a minor difference, only
causing slightly earlier fracture growth, as can be seen in the enlarged part in Fig. 5.14a.
Even if the cyclic frequency is increased, as is shown in Fig. 5.14b, the fatigue effect makes
little difference. The reason is likely that the growing fractures make the pressure difficult
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(b)

T, K
353

31310 m

(c)

Figure 5.13: Temperature distribution at t = 120 h with deformed mesh under (a) monotonic (Qmax
inj = 216 m3/h),

(b) 5-hour and (c) 10-hour cyclic-temperature stimulation (∆T = 40 K ↔ 0 K ) - scenario C 1. The deformation is
100 times enlarged.

to maintain at a level that can induce fatigue damage within a reasonable number of
cycles. This can be seen in Fig. 5.15a and 5.15c, in which the first principal stress σ1 at the
fracture tip is shown to be around 3 MPa at t = 120 h, smaller than the tensile strength (4.8
MPa) due to stress relaxation after fracture growth, indicated by the increased averaged
damage variable at t = 120 h shown in Fig. 5.14a. The continuous increase in the averaged
damage variable demonstrates the continuous fracture growth, therefore continuous
stress relaxation. In contrast, during the period when the averaged damage variable keeps
the constant (i.e. no fracture growth), the fatigue effect still does not make significant
difference. This is because the stress applied on the interface element at the fracture tip is
too small to induce effective fatigue damage within the cycles before fracture growing.
This can be seen for the case of cyclic stimulation without damage variable, shown in
Fig. 5.15b, the σ1 at the fracture tip is around 4 MPa, leading to the ratio σA/σn0 (i.e.
4/4.8) equal to 83%, which leads to a fatigue life of around 30 000 cycles (see Fig. 5.3).
Consequently, significant fatigue damage cannot be achieved with the current cyclic
scheme. In addition, since the matrix, even though is assumed to be partly clogged, is
still relatively permeable. Pressure in the main fracture diffuses towards the surrounding
matrix, thus not easy to build up in the interface elements at the fracture tip.

In scenario C 3, cyclic stimulation with higher maximum injection rate (216 m3/h) is
investigated. Fig. 5.16 compares the pressure response and averaged damage variable
under monotonic stimulation M3 and cyclic stimulation C 3 with and without fatigue
damage variable included. It shows the injection pressure under cyclic stimulation
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(a) (b)

Figure 5.14: Injection pressure response and averaged damage variable evolution for scenario C 2 (a) under
12-min cyclic stimulation (Qinj = 54 m3/h) with and without fatigue damage variable included in the traction-
separation law; and (b) under 12-min and 6-min cyclic stimulation with fatigue damage included.
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-20
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Figure 5.15: Horizontal stress (σx) distribution at t = 120 h with deformed mesh under (a) monotonic stimulation
(scenario M4); (b) cyclic stimulation without fatigue damage (scenario C 2); (c) cyclic stimulation with fatigue
damage (scenario C 2). The deformation is 100 times enlarged, and only the domain within a radius of 10 m is
shown.
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is always slightly higher than the monotonic stimulation, except for the initial stage
where the cyclic stimulation outperforms the monotonic stimulation, as also observed
in scenario C 2. This is because the higher injection rate leads to quick fracture growth,
while cyclic reduction in injection rate slows down the fracture growth. In addition, the
underlying mechanism why the fatigue dmage does not make a difference is the same
with that explained earlier, therefore not repeated here.

Figure 5.16: Injection pressure response and averaged damage variable evolution under 12-min cyclic stimu-
lation (Qinj = 216 m3/h) with and without fatigue damage variable included in the traction-separation law -
scenario C 3.

5.4.4. COMBINED CYCLIC AND STEPWISE STIMULATION (CS1 - CS2)

In scenarios C S1 and C S2, the combined cyclic and stepwise stimulation strategy is
investigated. Fig. 5.17a compares the pressure response under monotonic stimulation
and stimulation scenarios C S1 and C S2. It shows that the highest spike under monotonic
stimulation (28.9 MPa) is significantly reduced to 28 MPa and 25.8 MPa by changing the
stimulation scenario to C S1 and C S2 respectively. Yet, the highest spike is higher than
that under only stepwise stimulations, especially the three-step stimulation S2. This is
because the continuous injection in each step causes longer fracture (as can be seen in
Fig. 5.17b) at the end of each step. When the injection rate is increased, the longer fracture
leads to lower peak pressure than that under C S1 and C S2 scenarios. In addition, at t =
80 h - 120 h, the injection pressure under S1 and S2 is significantly lower than that under
C S1 and C S2 respectively. It therefore can be concluded that stepwise combined with
cyclic stimulation is better than monotonic stimulation, but is inferior than only stepwise
stimulation.
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(a) (b)

Figure 5.17: (a) Injection pressure response under combined cyclic and stepwise stimulation (Scenario C S1 and
C S2); and (b) Corresponding averaged damage variable D̄ .

5.5. CONCLUSION
Thermo-hydro-mechanical (THM) simulations of cold-water injection into a reservoir
are undertaken to investigate the potential thermo-hydraulic stimulation of clogged reser-
voirs. To enable potential fracture development, interface elements are inserted between
all continuum elements, providing potential paths for crack initiation. Simulation re-
sults from models with and without interface elements (presented in Appendix B) show
excellent agreement, validating the robustness of the approach.

For a clogged reservoir, THM simulations of various stimulation strategies - mono-
tonic, stepwise, cyclic, and stepwise combined with cyclic - demonstrate that stepwise
stimulation yields generally the most favourable outcomes. Specifically, it enables the
lowest peak injection pressure of 4.4 MPa above the initial reservoir pressure compare
to 7.9 MPa above initial pressures in the monotonic case (with the maximum injection
rate at Qinj = 216 m3/h and ∆T = 40 K). The long-term injection pressures after stepwise
stimulation is also seen to be slightly lower than those observed in the monotonic, cyclic
or stepwise combined with cases. Cyclic-temperature stimulation (within the bounds of
the scenarios considered here) is observed to be neither better or worse than monotonic
stimulation, but has slightly different characteristics. Monotonic injection creates a larger
single fracture which breaks through the clogged zone, whereas thermal cycles create
more local damage controlled by the period of the cyclic injection. Conversely, cyclic-
injection-rate stimulation slightly underperform (under higher injection rate) or slightly
outperforms (under lower injection rate) the monotonic stimulation, with fatigue effect
playing a negligible role. A combined approach incorporating both cyclic and stepwise
strategies may offer enhanced stimulation performance compared to monotonic stimu-
lation, but is observed to be inferior than stepwise stimulation alone in the conditions
considered here.
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MONITORING

This chapter proposes a single-well dual-cable DAS configuration to reduce the need for
drilling additional wells or sections, where two DAS cables are assumed to be positioned
within a single vertical well at opposite sides of the well. Synthetic DAS signals are generated
by an open-source code to study the feasibility of the dual-cable DAS for localising a seismic
source and resolving its moment tensor. Results suggest the source location can be fully
determined, yet low signal-to-noise ratio and azimuth close to 0◦ (North, aligned with the
two cables) lead to a decrease in accuracy. The full moment tensor can be resolved only
if the epicentral distance is 5 meters or less, while non-Double-Couple components can
be reliably resolved with an epicentral distance up to 20 meters, showing improvement
compared to installations with a single cable. Consequently, near-borehole failures, re-
gardless of the source mechanisms, can be characterised within an epicentral distance of 5
m. With epicentral distance increasing, resolvability of the mix-mode failures is reduced
first, followed by the resolvability of the pure shear or tensile failures, which depends on
the azimuth. Overall, the results demonstrate that a single-well dual-cable configuration
has the potential for monitoring and understanding near-borehole micro-seismic events
induced during geothermal reinjection and stimulation operations.

This chapter has been published in Luo et al. (2025c)
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6.1. INTRODUCTION
Monitoring of near-borehole cracking events can also be characterised and understood via
micro-seismic monitoring. Distributed acoustic sensing (DAS) that uses optical fibres as
sensing units, is attracting increasing interest in micro-seismic monitoring in geothermal
projects. Standard optical fibres provide one-component measurements along the fibre
and this poses challenges in determining certain characteristics of the source, such as its
azimuth and its full moment tensor. Full source characteristics can be obtained via offset
wells and/or horizontal sections but comes with substantial extra costs.

This chapter proposes a single-well dual-cable DAS configuration to reduce the need
for drilling additional wells or sections, where two DAS cables are assumed to be posi-
tioned at opposite sides within a single vertical well, as is shown in Fig. 6.1a. Synthetic
DAS signals are generated by an open-source code that assumes plane layered media,
and used to study the feasibility of the dual-cable DAS for localising a seismic source
and resolving its moment tensor. A localisation procedure is presented, and a sensitivity
analysis of localization accuracy is conducted with respect to source parameters and
noise levels. Also, an analysis is performed to assess the resolvability of the moment-
tensor components from the dual-cable DAS configuration. The key questions that will
be addressed in this chapter, with regard to the single-well dual-cables DAS are: (1) can
the micro-seismic sources be fully localised? (2) is the localisation accuracy sensitive to
source frequency, noise, source azimuth and mechanism? (3) is the moment tensor fully
resolvable? (4) how can it be used to understand stimulation operations?

In this chapter, the generation of synthetic DAS signals is presented in Section 6.2. The
demonstration of the localisation method to determine the source depth (H), source-to-
wellbore epicentral distance (D0) and source to wellbore azimuth (θ), defined in Fig.6.1a,
is presented in Section 6.3, including a sensitivity analysis. In Section 6.4, the resolvability
of the moment tensor via one- and dual-cable DAS array in one single vertical wellbore is
compared and discussed. In Section 6.5,the application of this dual-cable DAS to monitor
stimulation operations is discussed based on a geo-mechanical simulation of stimulation
operation to a synthetic reservoir, and the whole is finalised by a conclusion section.

horizontal plane

source

cable 2

cable 1

wellbore

broadside channel
D0

North

θ

surface

H

(a) Description of dual-cable DAS configuration

horizontal plane

source

cable 2
cable 1

wellbore

channel m

broadside channel
D1

(b) Definition of parameters used in locating

Figure 6.1: Description of the geometry of the dual-cable DAS configuration
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6.2. GENERATING DAS SIGNALS
To generate synthetic DAS signals, a model using the so-called reflectivity method is used.
The reflectivity method assumes plane-layered media and inhomogeneities occur only
in the vertical direction. Analytical solutions are obtained in the frequency–horizontal-
wavenumber domain, and the time-space domain responses are obtained by a numerical
evaluation of the horizontal-wavenumber integral. This all is implemented in the open-
source code Computer Program in Seismology (CPS) (Jost & Herrmann, 1989; Herrmann,
2013). First, we define the coordinate system with North being along x with unit vector
ex, East being along y with unit vector ey, and the downward being z with unit vector ez.
The model domain is depicted in Fig. 6.2. A 1000-meter thick layer is constructed with
two half-spaces on top and at the bottom. The layer is isotropic and homogeneous. A
borehole with diameter of 0.36 m is placed vertically through the layer. Two DAS cables
are installed at opposite sides of the borehole, one at the North and the other at the South,
from a depth of 445 m to 555 m. A point-force source is excited at a depth of 500 m,
with its distribution in time given by a Ricker wavelet, a second-derivative of a Gaussian.
The source-to-borehole azimuth is 45◦ (North is 0◦ while East is 90◦). The DAS has a
gauge length (LG) of 2.5 m, over which the strain is averaged (over three channels) with a
channel spacing (LC , the distance between two adjacent channels or say points) of 1.25
m. With this configuration, there is therefore 87 channels on a each DAS cable. Other
parameters used in the model are presented in Tab. 6.1, with the parameters selected to
be realistic, but otherwise have no specific significance. For example, the P- and S-wave
velocities are selected in the range of wave velocities of common sandstone reservoirs.
The borehole diameter of 0.36 m is selected as a reasonable value for geothermal wells. In
the following, the discussion is restricted to the frequencies from 20 Hz to 200 Hz, which is
a typical frequency range of field micro-seismicity during hydraulic fracturing operations
(Maxwell & Cipolla, 2011; Van der Baan et al., 2013; Grechka et al., 2021), with epicentral
distance from 5 to 100 m and source force magnitude F0 = 2·105 N. The source excitation
is assumed to occur directly next to the cable and within the depth range of the cable.

The output used from the model is the point strain at the defined DAS channels.
However, DAS measures averaged strain over gauge length, which therefore dominates
the spatial resolution (Hasani, 2024). The following equation is then performed to get the
averaged strain:

ϵ̄m
zz =

1

LG

ˆ zm+LG /2

zm−LG /2
ϵm

zz d z (6.1)

where ϵ̄m
zz and ϵm

zz are the averaged and point strain at the mth channel respectively, zm is
the depth of the mth channel. Since the gauge length is 2.5 m while channel spacing is
1.25 m, there are three channels over which the strain is averaged for a single channel.

6.3. LOCALISATION METHOD

6.3.1. INTRODUCTION TO THE LOCALISATION METHOD
For optical fibres installed along the borehole (either behind casing or somehow coupled
to the inner part of the casing) to monitor micro-seismic activity during stimulation
operations, the depth of the micro-sesimic events is likely to be within the range of the



6

116 6. FEASIBILITY OF THE DUAL-CABLE DAS FOR MICRO-SEISMIC MONITORING

bottom surface: half-space

0 m

1000 m

445 m

555 m

500 m
source 

wellbore diameter: 0.5 m 

Top surface: half-space
Depth

(a)

Source

Dual-cable DAS

North

East

θ

Map view: x – y plane

Borehole

Source’

Third cable

θ + 270º

DAS 2

DAS 1

DAS 3

(b)

Figure 6.2: Schematic illustration of the numerical model with the dual-cable DAS configuration. (a) The model
in 3D; (b) Map view on x - y plane. In (b), blue dots indicate the dual-cable DAS in a vertical well while the
orange dot indicate a third cable. As discussed in Section 6.3.1, the dual-cable DAS can only determine two
possible azimuths, leading to a non-unique location, i.e. the red star and the orange star in (b). In addition,
results in Section 6.3.3 show that when the azimuth θ is approaching 0◦ or 360◦, the accuracy in determining
the azimuth via the dual-cable DAS decreases largely. A third cable can help both to determine uniquely the
azimuth and improve the localisation accuracy when the azimuth θ is approaching 0◦ or 360◦.

Table 6.1: Input parameters for model to generate synthetic DAS signals

Parameter Symbol Value Unit
borehole diameter d0 0.36 m
P-wave velocity Vp 3200 m/s
S-wave velocity Vs 1847 m/s
sampling interval dt 0.16 ms
source mechanism F = F0ez 2 × 105 N
source function Ricker wavelet
source frequency f0 200 Hz
source epicentral distance D0 40 m
source depth H 500 m
source azimuth θ 45 ◦
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DAS cable’s length. In this case, the source depth H is the easiest to determine from DAS
signals, namely picking the apex of the P- and S-wave arrivals along the fibres. In addition,
the epicentral distance D0 can be determined by comparing the actual curvature of the
arrivals to the theoretical curvatures and selecting the one which best matches it, with
the assumption that the wave velocity is known a priori, e.g. from logs.

When it comes to determining the source azimuth θ, we take advantage of the time
difference ∆t m between arrivals on the mth channels on DAS cable 1 and cable 2, due
to them being on opposite sides of the borehole. The time difference multiplied by the
known wave velocity can give us the distance difference (∆Lm = Dm

1 −Dm
2 , defined in Fig.

6.1b) from the source to the mth channels on cables 1 and 2, which is a function of the
source azimuth. For example, this distance difference for the channel at the same depth
with the source is shown in Fig. 6.3. One possible method to get the time difference is by
simply picking the arrival times at the different cables. However, this method is highly
dependent on the picking accuracy and restricted by the sampling rate. We therefore use
a signal-difference approach which is very sensitive to small time differences. The signal
difference is based on the signal attribute known as the Normalised Root-Mean-Square
(NRMS) difference that is independent of the sampling rate, which will be clarified below.
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Figure 6.3: Distance difference (a) ∆L (= L2 −L1) between cables 1 and 2, and (b) ∆L′ (= L3 −L1) between cables
1 and 3, as a function of source azimuth at channel at same depth of the source. The red dotted lines indicate
that one ∆L (or ∆L′) gives two solutions to the azimuth θ. Installing a third cable can help determine the unique
azimuth by simply comparing the arrival times on cable 1 and 3. In addition, in (a), when the azimuth θ is
approaching 0◦, 180◦ or 360◦, the slope of the curve is approaching zero leading to insensitivity of ∆L to the
changes in azimuth θ, thus large error in the retrieved azimuth, as discussed later in Section 6.3.3. Installing a
third cable can help to improve the accuracy, as shown in (b), where the slope of the curve is reasonably high
when the azimuth θ is approaching 0◦, 180◦ or 360◦.

The Normalised Root-Mean-Square difference, is defined as:

∆N RMS (a(t ),b(t )) = 2ARMS (|a(t )|− |b(t )|)
ARMS (a(t ))+ARMS (b(t ))

(6.2)

where a(t) and b(t) are the two sets of DAS signals. Non-standard absolute values are
used in this definition since they are useful when the two signals show opposite signs, for
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example when the azimuth is 90◦ and the source is a Fx, generating two opposite-sign
signals on the two DAS cables.

ARMS is the Root-Mean-Square amplitude, defined as:

ARMS (x(t )) =

√√√√´ t2
t1

x2(t )dt

t2 − t1
=

√ ∑N 2
N 1 x2

i

N2 −N1
(6.3)

where N1 and N2 are the starting and ending time samples within the specific time window
t1 - t2.

With this definition, the ∆N RMS between the mth channel on cable 1 and the mth
channel on cable 2 can be obtained, represented by the “observed"∆m

N RMS . To deter-
mine the time difference ∆t m , this observed ∆m

N RMS is compared against a series of
pre-computed ∆N RMS to identify the best-fit ∆N RMS . Once identified, the time difference
associated with the best-fit ∆N RMS and its neighbouring values are interpolated to get the
accurate ∆t m . More details of the pre-computed ∆N RMS can be found in C

Once the time difference ∆t m is determined, the corresponding difference in distance
(∆Lm) can be obtained, which is used to back-calculate the azimuth θm from the relation,
for example as shown in Fig. 6.3. The final azimuth θ is obtained by averaging the θm of
all the channels along the cable. Note that, as shown in Fig. 6.3, one ∆L gives two possible
azimuths. Yet, this can be resolved by installing a third cable in the well (as shown in
Fig. 6.2b) or by utilising the signal attenuation due to the fluid in the borehole. Here the
determination of the unique azimuth using a third cable is elaborated. As shown in Fig.
6.2b and Fig. 6.3, two possible source locations are determined by the dual-cable DAS,
symmetrically positioned with respect to the line defined by cables 1 and 2 on the x − y
plane. If a third cable is installed, for example at the side as indicated by the orange circle
in Fig. 6.2b, a unique source location can be determined by comparing the arrival times
on DAS cable 1 and cable 3. In addition, the installation of the third cable can also help
improve the accuracy in determining the azimuth when the azimuth is approaching 0◦,
180◦ or 360◦, which will be discussed in detail in the following Section 6.3.3.

6.3.2. BASE EXAMPLE
In this section, we demonstrate the localisation method based on a base example. The
DAS configuration is the same as before, i.e., as shown in Fig. 6.2 with the parameters as
given in Tab. 6.1. Fig. 6.4a presents the strain signal on DAS cable 1.

The depth of the source can quite easily be picked via the apex of the hyperbola in
Fig. 6.4a, i.e. at 500 m. The epicentral distance can be obtained via a comparison of the
curvature of the observed arrivals on DAS cable 1 to the theoretical curvature (Fig. 6.4b);
in this case the S-wave arrival is taken since it is the strongest arrival. A best fit of 42
m is obtained, while the true distance is 40 m. The error in the determined epicentral
distance is partly from the time interval used to calculate the theoretical curvatures and
partly from the accuracy of the picking (in this case the S-wave using short-time average /
long-time average method). Yet, the result remains in an acceptable range (defined as
that the relative error is less than 5%).

Next we show how to determine the azimuth. Since the time difference in the signals is
symmetric with respect to the channel at the source depth, only channels on the first half
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Figure 6.4: (a) Strain signals on DAS cable 1 due to a vertical point force; and (b) method to determine epicentral
distance.

of (above the source depth) the DAS cable are considered where the channel numbering
goes from top to bottom. Fig. 6.5 shows the observed∆DAS

N RMS and the determined azimuth
at each channel. The result shows that the averaged azimuth is 46.8◦, demonstrating a
satisfactory accuracy (defined as that the absolution azimuth error ∆θ is less than 5◦)
when compared to the real azimuth (45◦).
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Figure 6.5: (a) The observed ∆m
N RMS of each channel; (b) Determination of averaged azimuth by comparing the

observed ∆m
N RMS with the pre-computed ∆N RMS library. Channel number 1 indicates the top channel at the

depth of 445 m, while channel number 44 indicates the channel at the source depth of 500 m. Due to symmetry,
the channels from 500 m to 555 m are not shown here.

6.3.3. SENSITIVITY ANALYSIS
In this section, the sensitivity to frequency content, noise level, source mechanism and
azimuth is investigated to evaluate their influence on the accuracy of the localisation.
Since the advantage of the dual-cable DAS configuration mainly lies in its improvement
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in determination of the azimuth, we focus on that only and will not show the sensitivity
of the depth and epicentral distance to the above mentioned parameters.

SENSITIVITY TO SOURCE FREQUENCY

The frequency of the micro-seismic events induced during hydraulic stimulation is com-
monly in the range of tens to hundreds of Hz (Maxwell & Cipolla, 2011; Van der Baan
et al., 2013; Grechka et al., 2021). Therefore, the influence of the central source frequency
from 20 Hz to 200 Hz on the accuracy is compared. Fig. 6.6 compares the DAS signals for
source frequencies of 50 Hz and 100 Hz, as well as their determined azimuths. Together
with Fig. 6.5b, which shows the case for the frequency of 200 Hz, the results suggest that
the accuracy to predict the azimuth is not sensitive to frequency of 50 Hz, 100 Hz and 200
Hz. A more continuous sensitivity analysis, as shown in Fig. 6.7, demonstrates that the
location error (∆θ, the difference between the true and determined azimuth) remains
within 3◦ for frequencies in the range from 20 to 200 Hz. However, for low-frequency
events (< 20 Hz), the large wavelengths may result in negligible differences between
signals positioned on opposite sides of a 0.36 m diameter borehole. The trend of the
decreasing ∆DAS

N RMS with reduced frequency can be seen in Fig. 6.6, of which the right axis

shows the corresponding ∆DAS
N RMS , demonstrating a higher ∆DAS

N RMS for the case of f = 100
Hz than that of f = 50 Hz.

SENSITIVITY TO NOISE

Although one of the advantages of downhole monitoring is the improvement in the signal-
to-noise ratio (S/N), noise still needs to be considered especially during operations and
especially since DAS recordings are generally noisier than standard geophone signals.
Therefore, the influence of noise on the localisation accuracy is evaluated. Gaussian noise
is added to the DAS signals using a normal distribution N = µ+σ2Z , where Z is the
standard normal variable, µ = 0 and σ is chosen from 1×10−13, 4×10−13 and 10×10−13,
leading to a S/N of 18.8 dB, 7.7 dB and 2.5 dB, respectively.

Fig. 6.8 shows the signals with the different noise levels and the determined azimuth
on each channel. Results suggest that when the noise level is at S/N = 18.8 dB, the accuracy
of the determined average azimuth is acceptable, with an error of 2.9%. With an increasing
noise level, the accuracy decreases significantly, with errors of 7.1% and 16.2% for the
other two cases. The noise has a dramatic influence on the accuracy for channels close to
the source depth (i.e. 500 m or say channel 44), the reason being that the strain at these
channels becomes very small due to the wave motion being as-good-as perpendicular to
the fibre, and then the noise dominates the localisation accuracy. One possible solution is
to exclude these channels; however, as shown in Fig. 6.8f, the accuracy from the remaining
channels also declines towards the source depth, albeit more gradually. Fig. 6.9 presents
the azimuth error (∆θ) versus noise levels (represented by σ) from σ = 1·10−13 to 20·10−13.
It shows that when the noise level increases to 13·10−13 or higher, the azimuth error
dramatically increases to 45◦. This highlights the importance of improving S/N via, for
example, signal processing or installation of the fibre outside the casing.

SENSITIVITY TO AZIMUTH

So far, the source to borehole azimuth was chosen as 45◦. Since one of the main motiva-
tions to consider a single-well dual-cable DAS is to determine azimuth, it is necessary
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Figure 6.6: DAS signals for central source frequencies of (a) 50 Hz and (b) 100 Hz, and corresponding determined
azimuth (c) and (d) on channel 1 (top channel, at depth 443.75 m) to 44 (source-depth channel, at depth 500 m).
Other source parameters are the same with the base example.

to examine the dependence of the localisation accuracy on this parameter. The source
mechanism is assumed to be a vertical point force Fz and therefore signals on the DAS
cable will remain the same with changing azimuth. However, when the difference in the
signals between DAS cable 1 and cable 2 is taken, it will vary with azimuth, as is illustrated
in Fig. 6.10, which shows that the location error increases with the decrease in azimuth.
When the azimuth is smaller than approximately 15◦, ∆θ becomes larger than 5◦. More
specifically, the azimuth of 15◦, 45◦ and 75◦ is compared in Figs. 6.11a - 6.11c. 6.3 The
best accuracy of the localised azimuth is achieved at 75◦, while the lowest accuracy at 15◦,
with errors of 45%, 4%, 0.8% for azimuths of 15◦, 45◦ and 75◦ respectively, though larger
∆N RMS is seen for smaller azimuth.

The reason that ∆θ increases with decreasing azimuth is that, as shown in Fig. 6.3,
the slope of the curve of the relation between ∆L and θ decreases when θ approaches
0◦, leading to an insensitivity to the change in azimuth. In contrast, the slope reaches its
maximum value when θ = 90◦, therefore having the highest accuracy in the localisation.
Additional constraints from a third DAS cable (as indicated by the orange dot in Fig. 6.2b)
in the borehole can well resolve the low accuracy in locating the azimuth close to 0◦. As is
shown in Fig. 6.3b, unlike the insensitivity of ∆L (= L2 −L1) to the azimuth θ when θ is
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Figure 6.7: Sensitivity analysis to source frequency
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Figure 6.8: DAS (strain) signals with noise levels of (a) S/N = 18.8 dB, (b) 7.7 dB and (c) S/N = 2.5 dB, and
corresponding determined azimuth (d) - (f) on channel 1 (top channel, at depth 443.75 m) to 44 (source-depth
channel, at depth 500 m). Source parameters are same as in base example.
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Figure 6.9: Sensitivity analysis to noise level

approaching 0◦, 180◦ or 360◦, ∆L′ (= L3 −L1) shows reasonably good sensitivity to θ, since
the slope of the curve is significantly higher than zero when θ is approaching 0◦, 180◦ or
360◦. Fig. 6.12 compares the azimuth determined from ∆L ∼ θ and from ∆L′ ∼ θ when
the azimuth is 0◦ and 15◦. It shows that there is a large error when using the relationship
∆L ∼ θ. For example, for the actual θ = 0◦, the determined θ is 13.1◦, significantly deviating
from the true azimuth. In contrast, the determined θ is very close to the actual value when
using the relationship ∆L′ ∼ θ. For the actual θ = 0◦, the determined θ is 1.1◦, showing a
significant improvement in the accuracy.

SENSITIVITY TO FORCE-SOURCE MECHANISM

In the above when the observed ∆N RMSm is matched with the theoretical ∆N RMS , the
source mechanism was assumed to be F = F0ez , consistent with the source mechanism of
the observed ∆m

N RMS . However, source mechanisms vary, and therefore it is necessary to
evaluate how the localisation accuracy responds to different source mechanisms. Here we
only consider other force-source mechanisms, and we exclude forces in the y-direction
since source with force in the x direction shows the same nature.

Here, we let the source mechanisms vary from F = F0ez (Fig. 6.4a), F = F0ex (Fig.
6.13a) and F = F0(ex + ez ) (Fig. 6.13b). The corresponding determined azimuths are
shown in Fig. 6.5b, 6.13c and 6.13d respectively. The results indicate that the highest
localization accuracy is achieved when the source mechanism of the observed ∆m

N RMS
and the theoretical ∆N RMS match (both being F0ez , Fig. 6.5b). The worst match is when
the source mechanism is F0ex (Fig. 6.13c) with an error of 11.3%. Fig. 6.13d shows a better
localization accuracy for the case of F = F0ex +F0ez than the case of F = F0ez , because of
the presence of the F0ez component in the source, which helps to maintain accuracy.
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Figure 6.10: Sensitivity analysis to azimuth
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(a) θ = 15◦
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(b) θ = 45◦

0 0.016 0.032 0.048 0.064 0.0819
t, s

560

540

520

500

480

460

D
ep

th
, m

1.0

0.5

0.0

0.5

1.0

St
ra

in
 D

iff
er

en
ce

1e-11

(c) θ = 75◦
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(d) θ = 15◦
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(e) θ = 45◦
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(f) θ = 75◦

Figure 6.11: Difference in DAS signals between DAS cable 1 and cable 2 with a source-to-borehole azimuth of
(a) 15◦, (b) 45◦ and (c) 75◦, and (d) - (f) corresponding ∆N RMS and determined azimuth on channel 1 (top
channel, at depth 443.75 m) to 44 (source-depth channel, at depth 500 m). Other source parameters are the
same with the base example.



6.3. LOCALISATION METHOD

6

125

0 10 20 30 40 50
Channel No.

0

10

20

30

40

50

60

70

80

90

A
zi

m
ut

h 
(°

)

0

0.05

0.1

0.15

0.2

0.25

0.3

 N
R

M
S

Average Azimuth is: 13.1°

(a) θ = 0◦ using (∆L ∼ θ)
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(b) θ = 0◦ using (∆L′ ∼ θ)
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(c) θ = 15◦ using (∆L ∼ θ)
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(d) θ = 15◦ using (∆L′ ∼ θ)

Figure 6.12: Comparison of the determined azimuth using the relationship ∆L ∼ θ and ∆L′ ∼ θ respectively for
the case of (a) - (b) θ = 0◦ and (c) - (d) 15◦
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Figure 6.13: DAS (strain) signals with source mechanism of (a) F = F0ex and (b) F = F0ex + F0ez , and correspon-
ding determined azimuth (c) and (d) on channel 1 (top channel, at depth 443.75 m) to 44 (broadside channel at
depth 500 m). Other source parameters are the same with the base example.
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SENSITIVITY TO EPICENTRAL DISTANCE

Fig. 6.14 demonstrates the sensitivity of the azimuth error to the epicentral distance
from 4 m - 100 m. It shows that the absolute value of ∆θ is within 3◦, though relatively
larger error is seen when the epicentral distance is less than around 30 m or more than
70 m. The reason for the slightly decreased accuracy with small epicentral distance is
likely that P- and S-wave signals overlapped with such close distance. In addition, for
the larger distance, at which the accuracy also slightly decrease, the reason could be
the weakened signals and that the numerical noise therefore plays a role. Overall, the
investigated epicentral distance reasonably has little impact on the azimuth accuracy.

Figure 6.14: Sensitivity analysis to epicentral distance

6.4. MOMENT TENSOR RESOLVABILITY
In a previous study by Vera Rodriguez & Wuestefeld (2020), the resolvability of the mo-
ment tensor was investigated with two well-separated boreholes. Here, we investigate
what happens when the two DAS cables are within one borehole, with the results from
Vera Rodriguez & Wuestefeld (2020) used as a reference case. In this section, we show
how to construct the resolution matrix from semi-analytical solutions (via the code CPS).
Although the discussion in this feasibility study is limited to homogeneous and isotropic
media for simplicity, the proposed method to construct the resolution matrix can be used
to study inhomogeneous and anisotropic media. In addition, it was shown in the previous
discussion that the source location can be fully determined with reasonable accuracy
(with the aid of a third cable); in the following discussion, the location of the source is
assumed to be known a-priori. A sensitivity analysis is performed on the localisation
uncertainty to evaluate the influence of this uncertainty on the resolvability.
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6.4.1. CONSTRUCTION OF THE RESOLUTION MATRIX
Source mechanism inversion includes retrieving the source time function and moment
tensor. Since the primary goal of this work is to evaluate the resolvability of the time-
independent moment tensor only, the time dependence of the source process is not
considered (Vavryčuk & Kühn, 2012; Chapman & Leaney, 2012), thus simplifying the
problem to linear moment-tensor inversion. The moment-tensor components can be
linearly related with the observed data by (Vavryčuk & Kühn, 2012; Vera Rodriguez &
Wuestefeld, 2020):

Gm = d (6.4)

where M = [Mxx, Mxy, Mxz, Myy, Myz, Mzz] is the model vector composed of six unknown
independent moment tensor components to be retrieved. The x is in the direction of
North while y is in the direction of East. d = [d1,d2, · · · ,dN ] is the data vector consisting
of the observed strain amplitude on DAS (in this work, z component of strain), and N is
the number of channels. G is the geometry matrix, and can be expanded as:

G =


G11 G12 G13 G14 G15 G16

G21 G22 G23 G24 G25 G26

... ...
GN1 GN2 GN3 GN4 GN5 GN6

 (6.5)

In this work, G is constructed from semi-analytical solution calculated from CPS
(Herrmann, 2013) that gives the complete solution. Taking the i th channel as an example,
the elements can be described as:

Gi 1 = ∂

∂z

[
ZSS

2
cos(2φ)− ZDD

6
+ ZE X

3

]
i

Gi 2 = ∂

∂z

[
ZSS sin(2φ)

]
i

Gi 3 = ∂

∂z

[
ZDS cosφ

]
i

Gi 4 = ∂

∂z

[
−ZSS

2
cos(2φ)− ZDD

6
+ ZE X

3

]
i

Gi 5 = ∂

∂z

[
ZDS sinφ

]
i (6.6)

Gi 6 = ∂

∂z

[
ZDD

3
+ ZE X

3

]
i

where φ is the azimuth angle. ZSS is the function of the response to a strike-slip source,
ZDS represents the response to a vertical dip-slip source, ZDD can be understood as part
of a vertical or radial displacements for a 45 ◦ dip-slip source observed at an azimuth of
45 ◦, and ZE X represents the response to an explosive source (Jost & Herrmann, 1989;
Herrmann, 2013).

When the data contain noise (e.g. numerical noise) or other signal not covered by
the modelling, then Eq. 6.4 can be solved by the least-squares solution, as was done in
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Vera Rodriguez & Wuestefeld (2020), so:

M = [
GT G

]-1
GT d = A−1GTd (6.7)

with A =GT G . And the so-called resolution matrix R is accordingly constructed as:

R = A† A, (6.8)

where A† is the pseudoinverse of matrix A, which is equal to A when all the elements in
the model vector m are linearly independent and resolvable (Vera Rodriguez & Wuestefeld,
2020). Thus, the resolution matrix R indicates the resolvability of the moment tensor
components. When R is not the identity, its diagonal elements with value of 1 indicate
that the corresponding moment tensor components are fully resolvable, while its diagonal
elements with value of 0 indicate that the corresponding moment tensor components
are completely not resolvable. In addition, non-zero off-diagonal values indicate linear
dependence between two components.

Some of the diagonal elements with a value of 1 can correspond to extremely small
values (less than 0.001, for example, due to noise), indicating that the related moment-
tensor component cannot be resolved robustly. It is reported in Nolen-Hoeksema & Ruff
(2001) that satisfactory inversion results can be obtained when the condition number
(ratio of the largest singular value to the smallest, in our case of square symmetric matrices
the largest eigenvalue to the smallest) of A† is smaller than 500. Thus, each non-zero
eigenvalue is evaluated by computing the ratio of the largest eigenvalue to it. If this ratio
exceeds 500, the corresponding element of the resolution matrix is forced to be smaller
than 1 so that all the elements of 1 in the resolution matrix indicate the corresponding
moment tensor component can be reliably resolved.

6.4.2. MOMENT-TENSOR RESOLVABILITY FROM A SINGLE DAS CABLE IN A

VERTICAL BOREHOLE
In this section, the resolution matrix is constructed for the case of one DAS cable in a
vertical borehole This resolvability analysis is performed to be compared with the results
from Vera Rodriguez & Wuestefeld (2020) to verify our method and demonstrate why
some of the diagonal elements with a value 1 in the resolution matrix cannot be viewed as
an indication of reliable resolvable moment tensor components. The source and the DAS
cable are in the x − z or North-Down plane with an azimuth of 0 ◦ (i.e. the fibre is to the
North of the source) at epicentral distances ranging from 5 m to 100 m. The other aspects
of the configuration including source parameters, DAS positions and gauge length are the
same as in the base example.

The resolution matrix is obtained for both P and S wave separately, by evaluating the
G matrix at corresponding theoretical arrival time.

Fig. 6.15 demonstrates that four components (Mxx, Mxz, Myy and Mzz) are resolvable
from the P wave when the epicentral distance is 5 m or 10 m. In contrast, when the
epicentral is 40 m, only three components (i.e. Mxx, Mxz and Mzz) are resolvable from
the P-wave, showing consistent results with the analytical solution from Vera Rodriguez
& Wuestefeld (2020), in which results show the component Myy can only be retrieved
when the intermediate-field term is included in the solution. In addition, the constraints
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provided by S wave is redundant, mostly useful only to improve the robustness of the
solution (Vera Rodriguez & Wuestefeld, 2020).

Fig. 6.16 show the influence of increasing epicentral distance on the condition number,
defined as the ratio of the largest to smallest non-zero eigenvalues, using single-cable
and dual-cable signals (which will be discussed in next section). The azimuth from
source to receiver is either 0◦ or 90◦. It shows that. for both azimuths, the condition
number is smaller than 500 only when the epicentral distance is 5 using single-cable
signal. This is because the near- and intermediate-field terms have minor contributions
beyond the area of 10 m, while Myy cannot be resolved robustly with only far-field terms
(Vera Rodriguez & Wuestefeld, 2020). In addition, a smaller condition number for the
P-wave signal compared to that for the S-wave signal can be observed because the P-wave
signal gives more constraint, as is shown in Fig. 6.15. The reason is likely that the P-wave
signals show more variations along the cable vertically while S-wave signals show more
similarities, as is shown in Fig. 6.17. When the epicentral distance increases up to 40 m -
100 m, the condition number shows an oscillatory pattern. The reason for this is that the
numerical noise now plays a role as the signals weaken. This trend is also evident in Fig.
6.17, which depicts the DAS signals from an Myy source gradually fading into the noise
background as the epicentral distance increases.
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Figure 6.15: Resolution matrix of (a) - (c): P-wave (top row); and (d) - (e): S-wave (bottom row) signal for different
epicentral distances for the case of one DAS cable in a vertical borehole. The configuration geometry is that the
source and the DAS cable is in the x - z plane, so that the source to DAS azimuth is 0 ◦. The epicentral distance
is 5 (left column), 10 (middle column), and 40 m (right column).
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(a) Azimuth θ = 0◦ (b) Azimuth θ = 90◦

Figure 6.16: Comparison of condition number of matrix A† for different epicentral distances using single-cable
and dual-cable signals.

S wave

P wave

(a)

S wave
P wave

(b)

P wave

S wave

(c)

Figure 6.17: Strain signals on one DAS cable in a vertical borehole due to a Myy source for different epicentral
distances (a) D0 = 10 m, (b) D0 = 20 m, and (c) D0 = 40 m. Source and DAS cable are in the x − z plane. With
increasing epicentral distance, signals weaken and become comparable to the numerical noise background.
P-wave signal is much weaker and therefore shows more sensitivity to the noise than S-wave signal in this case.
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6.4.3. MOMENT-TENSOR RESOLVABILITY FROM DUAL DAS CABLE IN A VER-
TICAL BOREHOLE

The above discussion demonstrated that the moment tensor cannot be fully resolved
from a single vertical DAS cable, although at a smaller epicentral distance, near- and
intermediate-field terms can improve the resolvability of some of the components,
showing results consistent with previous studies (Vavryčuk, 2007; Vera Rodriguez et al.,
2011; Vera Rodriguez & Wuestefeld, 2020). In this section, the resolvability from the dual
cable in one single vertical well is examined. In the previous section, the DAS cable lay in
the same plane as the source. In this configuration, an additional cable will not improve
the focal coverage which refers to the capability of the network of seimsic sensors to
constrain source location and mechanism. Therefore, we assume that the configuration
is as shown in Fig. 6.18. That is, the source-to-borehole azimuth is 90◦, located West of
the borehole, while the two DAS cables are placed at opposite sides of the borehole, i.e.,
in the North and South.

source

DAS cable 1

DAS cable 2

epicentral distance, D0 borehole 
diameter, d

North (x)

East (y)

Figure 6.18: Schematic diagrams of the horizontal cross-section of the dual-cable configuration in a vertical
well. Source to borehole azimuth is 90◦.

First, the influence of the source to DAS-cable azimuth angle on the resolvability for
the single-cable and dual-cable cases is investigated, assuming an epicentral distance of
40 m and a borehole diameter of 0.36 m. This is shown in Fig. 6.19. It shows reasonably
well that, for both cases, when the azimuth is 0◦, Mxx, Mxz and Mzz are resolvable, while
at 90◦, Myy, Myz and Mzz are resolvable. In addition, when the azimuth is 45◦, neither
Mxx nor Myy is resolvable, since both produce identical DAS signals and are thus line-
arly dependent, as is indicated by the off-diagonal non-zero elements. The dual-cable
installation does not provide significant improvement for the investigated azimuths,
compared with the resolvability for the single-cable case. The reason is likely the small
borehole size and the large epicentral distance. To further examine the resolvability using
dual-cable DAS, the condition number using dual-cable signals is compared with that
using single-cable signals in Fig. 6.16. It demonstrates that the condition number using
dual-cable signals is significantly smaller than that using single-cable signals within the
epicentral distance of 50 m, in which the noise plays a minor role. The condition number
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using dual-cable DAS can be smaller than 500 m, even until an epicentral distance of
20 m, which improved considerably compared to only 5 m if using single-cable signals.
Yet, when the epicentral distance is equal to or larger than 40 m, the condition number
becomes larger than 500 and is consistent with Fig. 6.19 that shows no improvement in
resolvability when the epicentral distance is 40 m. In addition, in the noise-influenced
area, the condition number using dual-cable signals shows less oscillation. This confirms
the robustness of dual-cable signals over single-cable ones.

In the following, we further investigate the impact of the borehole size and the epicen-
tral distance on the improvement on resolvability using the dual-cable installation and
then the sensitivity of the resolvability to the location is performed. Since the previous
sensitivity analysis of the localisation shows that with the aid of a third cable the error
in the determined azimuth is less than 5◦, the maximum uncertainty in the azimuth
is therefore set at that number. Fig. 6.20 demonstrates that an error up to 5◦ in the
azimuth does not influence the resolvability using the dual-cable signals, assuming the
source-to-receiver azimuth being 90◦ and epicentral distance being 40 m.

The borehole diameter (d) and the epicentral distance (D0) together control the
focal coverage, while a shorter epicentral distance will also lead to stronger near- and
intermediate-field terms that can improve the moment-tensor resolvability. In this sec-
tion, the epicentral distance is first assumed to be 40 m to limit the effects of near- and
intermediate-field terms, and we examine the effects of the borehole diameter on the
improvement of the moment-tensor resolvability from a dual cable, compared to one
cable only. The effects of the epicentral distance with a fixed borehole diameter will be
examined afterwards.

Fig. 6.21 compares the resolvability of moment-tensor components from one DAS
cable to the one from two DAS cables in a single vertical well, with varying borehole
diameter and a fixed epicentral distance of 40 m. These diameters are chosen since 0.36
m is a reasonable value for deep boreholes while 2.5 m is a value of an expanded borehole
reported in Van der Schans et al. (2022). The results demonstrate that with increasing
the borehole diameter, additional components can be resolved with dual DAS cable in a
single vertical well. But only when the diameter reaches 2.5 m, the component Mxy can
additionally be resolved with robust resolution. This indicates that only installation of a
dual DAS cable in shallow and expanded boreholes can improve the moment-tensor resol-
vability of a source that is triggered tens of meters away from the borehole. Considering
that many geothermal doublets consist of two wells drilled at a close distance, it is also
promising to install a DAS cable in each well to improve the moment-tensor resolvability.
Since we are interested in the downhole micro-seismic monitoring in a vertical and deep
well, the resolvability of near-borehole sources is next examined with a small borehole
diameter (d = 0.36 m).

Fig. 6.22 compares the resolvability of near-borehole sources (with epicentral distance
of 5 m, 10 m and 20 m) from one DAS cable and two DAS cables in a single vertical
well, with a borehole diameter of 0.36 m. The results show that employing a dual-cable
DAS configuration can resolve one additional component compared to the one-cable
configuration for all the cases considered. In particular, if the source is 5 m away from
the borehole, the moment tensor can be fully resolved from the dual-cable DAS confi-
guration. With increasing epicentral distance, the number of resolvable components
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Figure 6.19: Resolution matrix of (P + S)-wave for different azimuths for the case of (a) one DAS cable and (b)
two DAS cables in a vertical borehole. The epicentral distance is fixed at 40 m, while the azimuth from source to
DAS cable is 0◦ (top row), 45◦ (middle row) and 90◦ (bottom row).
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Figure 6.20: Sensitivity of the resolvability to the azimuth uncertainty (within 5◦). (a) Error ∆θ = 0◦, (b) Error
∆θ = 2.5◦, and (c) Error ∆θ = 5◦. The epicentral distance is 40 m with source to receiver azimuth of 90◦. The
borehole diameter is 0.36 m.

decreases. However, the dual-cable DAS configuration can guarantee the resolvability
of the non-Double-Couple (non-DC) components (i.e. Mxx, Myy, Mzz) even with an epi-
central distance up to 20 m. In addition, as is shown in Fig. 6.19,when the epicentral
distance increases to 40 m, more components become non-resolvable, including Mxx.
The non-DC components determine the tensile failure of the events, therefore crucial for
the application of monitoring micro-seismic events induced by reinjection/stimulation
operations, during which tensile cracking events are most likely to happen in the near-
borehole area. Therefore, installing a dual-cable DAS configuration can be concluded to
provide valuable information.

6.5. DISCUSSION
The dual-cable DAS configuration proposed in this work has the potential to fully locate
near-borehole rock failures, although at certain conditions (e.g. low S/N or azimuth close
to 0◦, i.e. aligned to the two cables) the accuracy decreases Yet, the accuracy under these
conditions can be improved by an additional constraints from either surface receivers
or a third DAS cable in the well. In addition, advanced arrival-picking techniques (for
determining depth and epicentral distance, see section 6.3.2) and noise suppressing
techniques can improve the localisation accuracy. The localisation method with the dual-
cable DAS configuration is shown to be valid for a source with centre frequency from 50
Hz to 200 Hz, which, from literature, is commonly the dominant range of micro-seismic
events induced during reinjection or small-scale stimulation operations. Compared to
the case of only a single DAS cable, the additional constraint of the azimuth, due to the
installation of the dual-cable DAS, can therefore provide valuable information on the
in-situ stress state, the stress rotation and fracture propagation during operations. The
full constraint on the location is also necessary to invert for the moment tensor to better
understand the source mechanisms.

To construct the resolution matrix, the semi-analytical semi-numerical solution from
CPS was used. This allows us to study inhomogeneous and anisotropic horizontally laye-
red media, although our study is limited to homogenous and isotropic media in this paper
for simplicity. The analysis of the moment-tensor resolvability shows that the installation
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Figure 6.21: Comparison of resolution matrix from (a) one DAS cable, and (b) dual DAS cables for different
borehole diameters of 0.36 (top row), 1.5 (middle row) and 2.5 m(bottom row), assuming an epicentral distance
of 40 m and source-borehole azimuth of 90◦.
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Figure 6.22: Comparison of resolution matrix from one and two DAS cables with different epicentral distances,
assuming a borehole diameter of 0.36 m. Left column (a) one DAS cable, right column (b) two DAS cables.
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of a dual-cable can help us to constrain the non-DC moment tensor components Mxx,
Myy and Mzz with an epicentral distance of, in this study, up to 20 m from the borehole. In
contrast, for the DC components, Mxy and Mxz cannot be resolved with robust resolution
with increasing epicentral distance while Myz can be constrained even with an epicentral
distance of 40 m. As mentioned early, the non-DC components indicate tensile failures
while DC components indicate pure shear failures. Previous studies have shown non-DC
components are related to the formation of hydraulic fractures (Šílený et al., 2009), while
DC components are linked to re-activation and development of natural fractures in shear
mode (Sasaki, 1998). During hydraulic stimulation of homogeneous and non-fractured
reservoirs, tensile failures dominate the micro-seismic response (Hampton et al., 2018;
Baird et al., 2020; Tanaka et al., 2021; Butt et al., 2024).

To demonstrate the ability to monitor a stimulation campaign, a 2-D geo-mechanical
simulation (assuming vertical fracture under normal-faulting environment) of thermal
stimulation is performed to predict the tensile fractures in the near-borehole region.
These fractures are then described by a moment tensor, which, based on the resolvability
analysis, gives information about its resolvability via the dual-cable DAS. The moment
tensors are then decomposed into elementary tensors to facilitate the interpretation. The
following discussion focuses on tensile fractures, while the same procedure works also for
shear fracture, which is not discussed here.

The problem of the thermal stimulation, together with the numerical model and
input data, is presented in 5. The simulation result is presented in Fig. 6.23a (same result
as Fig. 5.9c), showing three main fractures induced around the borehole at the end of
the simulation (t = 120 h). Fracture B is propagating in the direction of the maximum
intial stress σH, while fractures A and C propagate in the directions -45◦ and 45c i r c
deviated from fracture B respectively. With the fracture propagation, micro-seismicity
will be continuously generated (Butt et al., 2024). The micro-seismicity generated by
the propagation of the induced main fractures A, B and C in Fig. 6.23a can therefore be
described by the following moment tensor:

MA = 1

2
M0

1 1 0
1 1 0
0 0 0

 MB = M0

1 0 0
0 0 0
0 0 0

 MC = 1

2
M0

 1 −1 0
−1 1 0
0 0 0

 (6.9)

where M0 [N·m] is the seismic moment, which is a quantitative measure of the amount of
energy released in an seismic event, of the micro-seismicity resulted from the fracture
opening. It is assumed that all the energy released due to the tensile fracture is transferred
to seismic energy. Therefore, the seismic moment M0 can be calculated from the specific
fracture energy.

As is discussed earlier in relation to Fig. 6.22, the non-DC components Mxx and Myy

can be resolved at 20 m away from the borehole using the dual-cable DAS in a single
vertical well, while Mxy can only be resolved at distances of 10 m or less. Therefore, only
the initiation and propagation of fracture B can be well monitored and understood at a
distance further than 20 m. The initiation and source mechanisms of fractures A and C
can only be understood if they happen within 10 m, i.e. indicating a process of multiple
fractures. The moment tensor can be decomposed into three elementary tensors, i.e. ISO,
DC, and CLVD (Vavryčuk, 2015), and be represented in Hudson’s source–type plot. The
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details of the decomposition is presented in D. The decomposition of the moment tensors
of three micro-seismic events resulted from the propagation of the three tensile fractures
during the thermal stimulation is depicted in Hudson’s source-type plot as is shown in
Fig. 6.23b. The three tensile fractures contain the same portion of CLVD + and Explosion
components, regardless of their different fracture directions. The results imply that the
near-borehole tensile fractures induced during either geothermal operations or thermal
stimulation can be characterised using the dual-cable DAS in a single vertical well, with
the direction of fracture well resolved. However, the identification of the full moment
tensor, which identifies the type of fracture (and therefore connecting to the changes
in permeability) depends on the epicentral distance orientation of the two DAS cables.
Several components of the moment can however be identified, and knowledge of the
initial in-situ stresses and stress path imposed could be sufficient to estimate the moment
tensor. Placing the two DAS cables aligned with the the direction of the maximum in-situ
stress is the most advantageous choice, since it improves the focal coverage, and is shown
to be able to identify tensile fractures.

pw, MPa
28

2110 m

A
B

C

(a)

Fracture A/B/C

DC

(b)

Figure 6.23: (a) Tensile fractures are induced in the near-borehole region to connect the borehole to the un-
damaged zone, and (b) the positions of the corresponding genrated micro-seismic events on the Hudson’s
source-type plot.

Although the above numerical results show the promising feasibility of the dual-
cable DAS, its practical application to micro-seismic monitoring depends on several
more practical considerations, including the minimum borehole diameter, the coupling
between the cables and the formation, and the exact channel locations. In the above
discussion, the borehole diameter is assumed to be 0.36 m. Yet, for deep geothermal wells,
the diameter can be smaller. Numerically, there is hardly a minimum borehole diameter
since the difference between the two cables can always be captured numerically; then,
the numerical noise is the main factor. However, for field data, the minimum borehole
diameter depends on their quality, namely the accuracy in retrieving full wave forms,
the frequency band in which the desired signal is above the noise and the epicentral
distance of the source. The difference in signals may not be well captured if the recorded
frequencies are much lower (e.g. several Hz) due to the low-frequency characteristics
of the source or if the epicentral distance is larger (e.g. hundreds of meters) such that
the signals can severely attenuate. In addition, the coupling between the cables and the
formation always has an impact on the data quality. Therefore, the dual-cable DAS is
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suggested to be used with the cable being installed behind the casing to optimize the data
quality. Moreover, in the above discussion, we assumed that the channels on both cables
are at the same depth. However, for field data, this will often not be the case. The exact
channel locations could introduce more difference between the two channels that are
used to localise the source and could result in a larger ∆θ. Therefore, a calibration of the
channel locations is suggested before any analysis can be done.

6.6. CONCLUSION
In this work, the configuration of a dual DAS cable in a single vertical well is proposed to
provide constraints on source location and moment tensor that are additional to the case
of a single DAS cable. The configuration consists of two DAS cables at opposite sides in
one single vertical well. Synthetic signals are generated using an open-source code that
assumes plane-layered media. A localisation method is introduced and demonstrated
with a reference case to show the feasibility of using the difference in the signals of two
DAS cables to determine source depth, epicentral distance and azimuth. Sensitivity
analysis shows that a low S/N and azimuth close to 0◦ can lead to decreasing localisation
accuracy, while the accuracy of the method is not sensitive to frequencies varying from 50
Hz to 200 Hz. In addition, the resolvability of the moment tensor is analysed, and results
suggest non-DC components Mxx, Myy and Mzz can be reliably resolved if the source
epicentral distance is within 20 meters, showing improvement on the case of only one
DAS cable in a well. Resolvability of the DC components Mxy and Mxz are more sensitive
to large distances, since near- and intermediate-terms play an essential role to constrain
additional components.

The two DAS cables within one well are optimally positioned in the direction of
minimal horizontal stresses in normal-faulting geological condition. Geo-mechanical
simulation shows tensile fractures can be induced in a homogeneous and non-fractured
reservoir during thermal stimulation. The propagation of the main tensile fracture in the
direction of maximum initial stress σH that happens within 20 m can be well monitored
and understood, while the understanding of the tensile fracture branching in other di-
rections relies on the resolvability of the moment tensor component Mxy. The results
demonstrate that a single-well dual-cable configuration has the potential for monito-
ring and understanding near-borehole micro-seismic events induced during geothermal
reinjection and stimulation operations.
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7.1. CONCLUSIONS
Near-borehole fracturing, a result of near-borehole coupled processes, is believed to be a
major contributor to maintain or improve the re-injection performance in geothermal
operations. Understanding the fracturing processes is therefore of great significance for
both re-injection and stimulation operations. This thesis presents a geo-mechanical tool
to simulate the coupled processes and a proposal of a dual-cable DAS installed downhole
in the injection well to monitor the fracturing. The developed geo-mechanical tool is then
used to perform simulations on stimulation scenarios for a synthetic clogged reservoir.
The feasibility of using the single-well dual-cable DAS is examined based on synthetic
signals. The main conclusions of this thesis are summarised in the following.

7.1.1. A NUMERICAL TOOL TO STUDY NEAR-BOREHOLE CYCLIC AND COU-
PLED THM PROCESSES

A method is developed to simulate fracturing processes under geothermal conditions
using the cohesive zone model considering full THM couplings. Possible discontinuities
are represented by zero-thickness triple-nodded interface elements, which allow solid
elements to separate with mechanical damage and the simulation of longitudinal and
transversal fluid/heat flow in the discontinuity. The cubic law is used to update the frac-
ture transmissivity as a function of its aperture, while a elasto-damage law to characterise
the mechanical response of the discontinuity. The nature of the interface element, i.e.
triple-nodded with node-to-node contact approach, assure the flexible applications of
the interface element, where an explicit representation of the mid-plane pressure and
temperature is convenient, with pre-determined contact faces. This feature makes it
possible to model fracture initiation and propagation from highly-permeable intact rock
under coupled THM processes. The modelling approach is to insert interface elements
in-between all the continuum elements that represent the intact rock, while assigning
high stiffnesses and transversal hydraulic coefficients to the interface elements to reduce
the artificial compliance / conductivity.

Since high heat convection (Péclet > 1) can lead to numerical divergence, a stabilisa-
tion technique is implemented. The method is then verified against a thermo-hydraulic
problem and a hydro-mechanical problem, of which analytic solutions exist. The ve-
rification shows that the numerical solutions match well with the analytical solutions,
illustrating the correctness of the numerical scheme. In addition, the method is validated
against a thermal fracturing experiment, and the numerical result shows a good agree-
ment with the experimental result, demonstrating that the model is capable of simulating
the THM processes, and, in particular, cracking around a wellbore impacting the inflow
ability during and after the cold water injection.

In order to study the cyclic thermal stimulation scheme, in which fatigue damage
plays a key role, a new elasto-damage law is developed by incorporating a fatigue damage
variable into the tensile branch of the conventional law. The fatigue damage variable is
calibrated using the S-N curve. With this formulation, the tensile strength and stiffness of
the interface element degrade with increasing cycle number. In addition, the Palmgren-
Miner’s rule is used to account for varying-amplitude cyclic loading. The proposed model
is then validated against three experiments from literature with different THM coupling,
including cyclic Brazilian test, cyclic hydraulic fracturing test and cyclic thermo-hydraulic
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fracturing test. All three validation results show the fatigue damage due to cyclic loading
or reduced breakdown pressure due to cyclic injection/cyclic cooling-heating treatment
can be well reproduced. The ability of the method to handle varying-amplitude cyclic
loading is also demonstrated by the simulation of a synthetic cyclic loading based on the
Brazilian test. The validations confirm that the method can be used in simulations to
support the design of cyclic thermal stimulation strategies for geothermal projects.

7.1.2. PERFORMANCE OF DIFFERENT STIMULATION SCHEMES

Maintaining the injectivity is challenging but necessary for the long-term successful
re-injection operations, therefore also for the whole geothermal projects. However, injec-
tivity decline has been long reported, particularly in sandstone reservoirs, which are the
main contributor to Dutch geothermal energy sector. Inspired by the TU Delft campus ge-
othermal project and surrounding regional experience, a synthetic sedimentary reservoir
is used, i.e. it is assumed to be homogeneous and non-fractured, and have typical Delft
Sandstone Formation reservoir properties.

The previously developed tool is first used to examine the effect of injection tem-
perature on the well performance under normal operation (i.e. no clogging happens).
Thermo-hydro-mechanical (THM) simulations of cold-water injection into the unclogged
reservoir indicate that reducing the injection temperature significantly impacts well per-
formance. In particular, when the injection temperature is lowered to 293 K, new fractures
can be induced around the borehole, increasing the risk of sandstone production.

For a clogged reservoir, THM simulations of various stimulation strategies - mono-
tonic, stepwise, cyclic, and stepwise combined with cyclic - demonstrate that stepwise
stimulation yields generally the most favourable outcomes. Specifically, it enables the
lowest peak pressure with the maximum injection rate at Qinj = 216 m3/h and ∆T = 40
K, compared with corresponding monotonic, cyclic, and stepwise combined with cyclic
stimulation. And the long-term injection pressures after stepwise stimulation is lower
than those observed in the monotonic, cyclic or stepwise combined with cases. Cyclic-
temperature stimulation (within the bounds of the scenarios considered here) is generally
neither better or worse than monotonic stimulation, but has slightly different charac-
teristics. Monotonic injection creates a larger single fracture which breaks through the
clogged zone, whereas thermal cycles create more local damage controlled by the period
of the cyclic injection. Conversely, cyclic-injection-rate stimulation slightly underperform
(under higher injection rate) or slightly outperforms (under lower injection rate) the mo-
notonic stimulation, with fatigue effect playing a negligible role. A combined approach
incorporating both cyclic and stepwise strategies may offer enhanced stimulation per-
formance compared to monotonic stimulation, but is inferior than stepwise stimulation
alone.

7.1.3. FEASIBILITY OF THE DUAL-CABLE DAS IN A SINGLE VERTICAL WELL

A dual-cable DAS configuration in a single vertical well is proposed to provide constraints
on source location and moment tensor that are additional to the case of a single DAS
cable. A synthetic study is performed to show its feasibility and advantages. Synthetic
signals are generated using an open-source code, CPS, that assumes plane-layered media.
A localisation method is introduced and demonstrated with a reference case to show
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the feasibility of using the signals and the difference in the signals of two DAS cables
to determine source depth, epicentral distance and azimuth. Sensitivity analysis shows
that a low S/N and/or source-to-receiver azimuth close to 0◦ can lead to decreasing
localisation accuracy, while the accuracy is not sensitive to frequency varying from 50 Hz
and 200 Hz.

In addition, the resolvability of the moment tensor is analysed, and results suggest
non-DC components Mxx, Myy and Mzz can be reliably resolved if the source epicentral
distance is within 20 meters, showing improvement on the case of only one DAS cable
in a well. Resolvability of the DC components Mxy and Mxz relies more on the near-
and intermediate-field terms, therefore restricted in 5 m - 10 m, though also showing
improvement compared to the case of only one DAS cable.

The two DAS cables within one well are optimally positioned in the direction of
minimal horizontal stresses in a normal-faulting geological setting. Geo-mechanical
simulation shows tensile fractures can be induced in a homogeneous and non-fractured
reservoir during thermal stimulation. The propagation of the main tensile fracture in the
direction of maximum initial stress σH that happens within 20 m can be well monitored
and understood, while the understanding of the tensile fracture branching in other di-
rections relies on the resolvability of the moment tensor component Mxy. The results
demonstrate that a single-well dual-cable configuration has the potential for monito-
ring and understanding near-borehole micro-seismic events induced during geothermal
reinjection and stimulation operations.

The results demonstrate that a single-well dual-cable configuration has the potential
for monitoring and understanding near-borehole micro-seismic events induced during
geothermal reinjection and stimulation operations. Yet, practical issues need to conside-
red. Installing the cable outside of the casing can improve the data quality and therefore
improve the applicability of this single-well duall cable DAS. Since the minimum dia-
meter size depends on the data quality, source frequency and epicentral distance, the
effectiveness of the single-well dual-cable DAS can be influenced for deep geothermal
wells. Yet, many existing geothermal systems come as a doublet that includes two closely
located wells. Therefore, installing the two cables separately in the geothermal doublet
can be an alternative option, therefore has better focal coverage. In addition, calibration
of the exact channel location is suggested before any analysis to improve the localisation
accuracy of the proposed method.

7.2. LIMITATIONS AND FUTURE RECOMMENDATIONS
This thesis focuses on the near-borehole fracturing processes under cyclic and coupled
THM processes and proposes a single-well dual-cable DAS configuration to monitor
and understand the near-borehole cracking events. The proposed method to simulate
complex coupled processes with discontinuities, especially modelling of the THM pro-
cesses in highly-permeable intact rock with interface elements inserted in-between all
the continuum elements to provide potential cracking paths, provides valuable tool to
study geothermal operations, including re-injection and soft stimulation. The tool also
has several other potential applications beyond geothermal reservoirs, including but
not limited to optimising other geo-energy processes, e.g. hydrogen or carbon dioxide
storage where soft stimulation technologies may be needed and coupled processes in



7.2. LIMITATIONS AND FUTURE RECOMMENDATIONS

7

145

radioactive waste repository. Specifically, the study of the cyclic thermal stimulation,
which requires methods similar to those developed here, gives valuable information for
the design and optimisation of the novel soft stimulation technology that has rarely been
reported and studied. Moreover, the proposed single-well dual-cable DAS provides a new
possibility of installing DAS in a single well to fully localise and understand near-borehole
micro-seismic events, and the work in this thesis confirms its feasibility. Yet, limitations
still exist and future research is needed to further strengthen the conclusions.

7.2.1. NUMERICAL METHODS FOR COUPLED THM PROCESSES WITH DIS-
CONTINUOUS PROBLEMS

In Chapter 5, the synthetic reservoir is assumed to be homogeneous. However, many re-
servoirs have strong heterogeneity, with the Delft Sandstone Formation being an example
(Vardon et al., 2024). The consideration of heterogeneity is not difficult to be introduced
into the current model, however, it has not been considered in this work. One reason is
the computational cost of the coupled THM model, which can require several hours to
several weeks of computation and the impact of heterogeneity usually requires running
ensembles of models. Therefore, more advanced algorithm or method to speed up the
simulation is needed.

In addition, the calibration of the reservoir properties needs more research. History
matching has been widely used in the field to calibrate the hydraulic properties, e.g. per-
meability. However, calibrating subsurface geo-mechanical properties, e.g. rock strengths
and in-situ stress, is more challenging. Micro-seismic data provides valuable information
of the rock failures, therefore the geo-mechanical properties, in the subsurface. Thus,
using the micro-seismic data to calibrate the subsurface geo-mechanical properties is an
important research topic to help manage the geothermal reservoirs.

Moreover, this thesis presents a stress-based method (i.e. counting the S-N curve)
to measure the fatigue damage in the new elasto-damage law. Yet, limitation exists
for current method to determine the fatigue damage variable Df. For every different
cyclic loading scenarios (except for the varying amplitude that has been considered in
current model), e.g. different frequency or mean amplitude of the loading, experiments
need to be conducted first to get enough data to obtain the S-N relation. This results
in a substantial amount of laboratory work for even same types of rock or reservoir.
Future efforts can be paid in formulating the fatigue damage variable as a function of
the cumulative total strain energy (Branco et al., 2022). In that way, the fatigue damage
can be determined independent from the loading scenarios and without counting the
cycle numbers. However, difficulty is expected in obtaining experimental data of the
stress-strain curve under cyclic tensile loading (e.g. cyclic hydraulic fracturing test), which
is needed to determine the cumulative total strain energy at tensile failure.

7.2.2. STIMULATION STRATEGY FOR GEOTHERMAL RESERVOIRS
This thesis numerically investigates the stimulation strategy based on a synthetic sedi-
mentary reservoir considering fully coupled THM processes. The results suggest that
stepwise stimulation strategy is a good strategy, and is superior than a combination of
cyclic-injection-rate and stepwise stimulation. Therefore, cyclic stimulation is not sug-
gested for highly permeable reservoirs with partly clogged zone. In contrast, stepwise
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stimulation is more suitable for these reservoirs.
This conclusion has only been established for reservoirs with considerable perme-

ability. For low or non-permeable reservoirs, e.g. for hot dry rock projects, this can be
different. As is reported in Hofmann et al. (2019), field cyclic stimulation to a fractured
granodiorite reservoir shows clear advantages in reducing the stimulation pressure and
induced micro-seismicity. However, the underlying mechanisms are not yet clear. Whe-
ther the fatigue effects play a dominant role or not needs further evidence. Therefore,
more simulations or field tests on the comparison of cyclic and stepwise stimulation to
low-permeability reservoirs need to be performed to investigate the controlling factors.

7.2.3. MICRO-SEISMIC MONITORING USING DAS
Initial analysis in this thesis demonstrates the feasibility of using the single-well dual-
cable DAS to fully localise and understand the near-borehole micro-seismic events. Yet,
some limitations exist in the curret proposal and more research is needed to further
confirm the practical efficacy of this DAS configuration.

Due the one-dimension nature of the DAS measurement, the signals at/close to the
broadside channel are null/weak. Consequently, localisation based on these channels
are largely influenced by the noise and can lead to significant error. Therefore, additional
measurements of signals at and near the broadside channels are needed. Installation of
downhole geophones or the use of helically wound fibres can be a possible solution.

In addition, as is mentioned in 6.3, with current method, two possible solutions
for the azimuth exist. This issue can be resolved by installing a third cable in the well
or by utilising the signal attenuation due to the presence of fluid in the wellbore. Yet,
it is not studied in this thesis. Further investigations are therefore needed to study
the determination of the unique azimuth employing a third fibre or utilising the signal
attenuation.

In addition, the resolvability analysis has demonstrated the feasibility to resolve
moment tensor components using the single-well dual-cable DAS. A next step is to
perform moment-tensor inversion based on the single-well dual-cable DAS. Moreover,
the moment-tensor inversion can be investigated and how this would be influenced by
noise level and source frequency.

So far, all the discussions are based on the synthetic signals, assuming homogeneous
and isotropic media. The localisation and source inversion for sources in heterogenous
and anisotropic reservoir are more complicated but doable since such methods are well-
known in the seismology community. Therefore, future works on the localisation and
source mechanism inversion using the single-well dual-cable DAS in complex reservoirs
is needed, preferable using synthetic signals first. After the feasibility study, field tests are
needed to confirm the practical efficacy of the proposed DAS configuration.
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Finite element formulations are derived from a weak form formulation of the equili-
brium equations (Cerfontaine et al., 2015), which addresses the boundary-value problems
over global domains. In LAGAMINE, the weak form is obtained based on the principle of
virtual work and measured in current configuration (i.e. updated Lagrangian formula-
tion). Compared to classical solid mechanics, contact problems need to further take into
account the contributions of the interface elements as additional non-classical boundary
conditions. Thus, in this section, classical boundary conditions are firstly introduced,
on the basis of which the weak form considering the contact problem is presented. The-
reafter, the discretisation of the domain and the local isoparametric coordinates are
introduced, followed by an introduction to the global solution scheme.

A.1. INITIAL AND BOUNDARY CONDITIONS
A numerical model is a closed system. Therefore, initial and boundary conditions are
required to close the governing equations mentioned above. The initial condition descri-
bes the state of all the degrees of freedom on the entire domain (B1 and B2, shown in
Fig.A.1) at t = t0:

x = x0, pw = pw0, T = T0 (A.1)

Figure A.1: Two bodies subjected to classical and contact constraints, modified from (Dieudonné, 2016). ∂Bi
x

is the generalised imposed displacement and ∂Bi
t̄

is the generalised imposed traction. ∂Bi
c is the contact

boundary.

At all time of interest, t ≧ t0, classical boundary conditions should be defined on
the reference boundary ∂Bi of the body Bi . The classical boundary conditions include
Dirichlet and Neumann conditions. The mechanical, hydraulic and thermal Dirichlet
boundary condition can be expressed respectively as:

x = x̄ on ∂Bi
x̄ , pw = p̄w on ∂Bi

p̄w
, T = T̄ on ∂Bi

T̄
(A.2)
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where, x̄ , p̄w and T̄ are the imposed degrees of freedom. ∂Bi
x̄ , ∂Bi

p̄w
and ∂Bi

T̄
are the

corresponding Dirichlet boundaries of the i th body, shown in Fig. A.1.
The corresponding Neumann conditions can be expressed as:

T̄ = N ·σ on ∂Bi
t̄ (A.3)

N ·q ww+ q̄w = 0 on ∂Bi
q̄w (A.4)

N ·q T + q̄T = 0 on ∂Bi
q̄T (A.5)

where, T̄ is the imposed traction, q̄w and q̄T the imposed water and heat fluxes
(positive if incoming). N is the unit vector normal to ∂Bi . σ, q w and q T are the total
Cauchy stress, water and heat flux respectively.

A.2. WEAK FORM
According to the principle of virtual work, for any kinematically admissible virtual ve-
locity field δẋ , equilibrium can be reached if the internal virtual power δẆI is equal to
the external virtual power δẆE (Dieudonné, 2016). For contact problem, it is nothing
but a classical continuum mechanical problems with an additional contact constraint
(Cerfontaine et al., 2015). The weak form of the finite element formulations for continuum
elements can be found in (Cerfontaine et al., 2015; Dieudonné, 2016). To further take
into account the contact constraints, additional contributions from the interface element
shall be added into the external and/or internal virtual power, which finally leads to the
weak form of the mechanical formulation (measured in current configuration) :

2∑
i=1

ˆ
Bi

[∇(δẋ)]T ·σdΩ︸ ︷︷ ︸
δẆI, m

=
2∑

i=1

[ˆ
Bi

(δẋ)T ·bdΩ+
ˆ

Bi
t̄

(δẋ)T · T̄ dΓ

]
︸ ︷︷ ︸

δẆE, m

+δẆ c
E, m (A.6)

where, b is the body force, T̄ the imposed traction on boundary ∂Bi
t̄
. δẆI, m and

δẆE, m are the internal and external mechanical virtual power repsectively, and δẆ c
E, m is

the contribution of the contact constraint to external virtual power. According to (Liaudat
et al., 2023), it reads:

δẆ c
E, m =−

ˆ
lmp

(δr)Tσcdl (A.7)

where, δr is the virtual relative displacement vector within the interface element (Liaudat
et al., 2023), the minus sign before the right-hand term is because the virtual relative
displacement is computed from the top to the bottom.

Similarly, the weak forms for hydraulic and thermal formulations can be obtained by
considering an admissible virtual pressure field δṗw and an admissible virtual tempera-
ture field δṪ :
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2∑
i=1

ˆ
Bi

[
δṗwṠ − [∇(δṗw)]T ·qww

]
dΩ︸ ︷︷ ︸

δẆI, f

+δẆ c
I, f =

2∑
i=1

ˆ
Bi
δṗw ·QwdΩ+

ˆ
Bi

q̄w

δṗwq̄wdΓ


︸ ︷︷ ︸

δẆE, f

+δẆ c
E,f

(A.8)

2∑
i=1

ˆ
Bi

[
δṪ ṠT − [∇(δṪ )]T ·qT]

dΩ︸ ︷︷ ︸
δẆI, T

+δẆ c
I, T =

2∑
i=1

ˆ
Bi
δṪ ·QTdΩ+

ˆ
Bi

q̄T

δṪ q̄TdΓ


︸ ︷︷ ︸

δẆE, T

+δẆ c
E,T

(A.9)

where, Qw and QT are the water and heat source terms, q̄w and q̄T are the impo-
sed water and heat fluxes on boundary ∂Bi

q̄w and ∂Bi
q̄T respectively. δẆI, f/δẆI, T and

δẆE, f/δẆE, T are the internal and external hydraulic/thermal virtual power respectively,
and δẆ c

I , f /δẆ c
I,T and δẆ c

E,f/δẆ c
E,T are the contribution of the interface to internal and

external hydraulic/thermal virtual power.
The contribution of the interface to internal hydraulic and thermal virtual powers

read:

δẆ c
I, f =
ˆ

l mp
δpm

w Qs
wdl −

ˆ
lmp

∂δpm
w

∂l
Q l

wdl (A.10)

δẆ c
I, T =

ˆ
lmp

δT mQs
Tdl −

ˆ
lmp

∂δT m

∂l
Q l

Tdl (A.11)

where, δpm
w and δT m are the virtual pressure and temperature fields at the mid-plane of

the interface element.
In contrast, the contribution of the interface to external hydraulic and thermal virtual

powers come from the bottom and top faces of the interface element, if considering null
source terms inside the interface. Therefore, they can be expressed as:

δẆ c
E, f =

ˆ
lmp

δp̆b
wQb

wdl +
ˆ

l mp
δp̆T

wQT
wdl (A.12)

δẆ c
E, T =

ˆ
l mp

δT̆ bQb
Tdl +

ˆ
lmp

δT̆ TQT
Tdl (A.13)

where, δp̆b/t
w and δT̆ b/t are the virtual pressure jumps and temperature jumps respec-

tively.
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A.3. DISCRETISATION AND INTRINSIC COORDINATES

In the finite element method, the continuum body Bi is discretised into small elements,
which generally is isoparametric. In this work, the continuum element used has 8 nodes
with 4 integration points, illustrated in Fig.A.2. Each node has four degrees of freedom,
i.e. x and y coordinates, pw and T . Therefore, a generalised nodal unknown vector of the
N th element can be defined in global coordinate as:

ūN = [ū1 ū2 ū3 ū4 ū5 ū6 ū7 ū8]T (A.14)

where,

ūi =
[
xi yi pwi Ti

]T , i = 1, . . . ,8 (A.15)

With the quadratic serendipity shape functions (Dieudonné, 2016), nodal unknowns
can be computed over the element. The details of the continuum isoparametric element
and corresponding shape functions can be found in any FEM textbooks or in (Dieudonné,
2016; Cerfontaine et al., 2015).. The nodal unknowns over the element read:

uN = N(ξ,η) · ūN (A.16)

where, uN is the generalised coordinate vector of any point belonging to the N th element.

1
2 3

4

567

8 ξ

η

1

-1

0-1 1

Node

Integration point

x1

x2

Figure A.2: 2D finite element (left) used in this work and its corresponding isoparametric element (right),
modified from (Dieudonné, 2016)

In contrast, the interface element has 9 nodes with 3 integration points. While the
nodes on the top and bottom faces have four degrees of freedom, i.e. x and y coordinates,
pw and T , the same with the continuum element, the nodes at the mid plane have only
2 degrees of freedom (pw and T ). Thence, the generalised unknown vector of the N th
interface element can be defined in global coordinate as:
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ūIN =
 x̄

p̄w

T̄

 =



x̄b

x̄ t

p̄b
w

p̄ t
w

p̄m
w

T̄ b

T̄ t

T̄ m


(A.17)

where, the superscript b, t and m mean the bottom, top and mid plane respectively. The
details of x̄b, x̄ t, p̄b

w, p̄ t
w and p̄m

w of the N th interface element can be found in (Liaudat
et al., 2023). Here, the nodal temperature vectors T̄ b, T̄ t and T̄ )m are presented in detail
as an example. In a single interface element, each face has 3 nodes. Thus, the nodal
temperature vectors can be expressed as:

T̄ b = [T b
1 , T b

2 , T b
3 ]T (A.18)

T̄ t = [T t
1, T t

2, T t
3]T (A.19)

T̄ m = [T m
1 , T m

2 , T m
3 ]T (A.20)

where the subscript number indicates the node number, while N indicates the element
number.

In the interface element, an isoparametric coordinate, ξ, is defined along the intrinsic
axis, eξ that is an unit vector tangent to the mid-plane (the intrinsic axis normal to the
mid-plane is eη, of which the details can be found in (Liaudat et al., 2023)). Thus, the
quadratic shape functions for interface element can be written as:

N1 = 1

2
ξ(ξ−1) (A.21)

N2 = (1−ξ2) (A.22)

N3 = 1

2
ξ(1+ξ) (A.23)

Thereafter, the nodal unknowns of the N th interface element can be computed over
the interface element:

uIN = NI (ξ) · ūIN =



N x 0 0 0 0 0 0 0
0 N x 0 0 0 0 0 0
0 0 N p 0 0 0 0 0
0 0 0 N p 0 0 0 0
0 0 0 0 N p 0 0 0
0 0 0 0 0 N p 0 0
0 0 0 0 0 0 N p 0
0 0 0 0 0 0 0 N p


· ūIN (A.24)

where, NI (ξ) is the generalised interpolation matrix for interface element, 0 is the null
matrix. N x is the interpolation matrix for nodal coordinates, while N p the interpolation
matrix for nodal pressure and temperature. They can be expressed as:
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N x =
[

N1 0 N2 0 N3 0
0 N1 0 N2 0 N3

]
(A.25)

N p = [
N1 N2 N3

]
(A.26)

A.4. GLOBAL SOLUTION AND STIFFNESS MATRIX
As said by the principle of virtual work, equilibrium is reached when the energetically
equivalent internal nodal forces F I are equal to the external nodal forces FE (Cerfontaine
et al., 2015). When the analysis includes time-dependent path, such as the evolution of
the loading, the equilibrium need to be found for the complete time range of interest
(Cerfontaine et al., 2015; Bathe, 1982). The nodal forces are likely not balanced at the
beginning of an arbitray time step, thus an out-of-balance force is defined as (Cerfontaine
et al., 2015):

FOB = FI −FE (A.27)

Let’s assume at time t the solution is known, and the solution at time t +∆t is to be
solved. The out-of-balance force at time step t +∆t can be expressed in Taylor series
(Cerfontaine et al., 2015):

F (t+∆t )
OB = F (t )

OB + ∂F (t )
OB

∂∆U
·∆U (A.28)

where, F (t+∆t )
OB is the global out-of-balance force at time step t +∆t , ∆U is the global

generalised displacement. The equilibrium at time step t +∆t can be found if:

F (t+∆t )
OB = 0 (A.29)

Thus, after some transformations, it arrives:

F (t )
OB =−∂F (t )

OB

∂∆U
·∆U =−K (t ) ·∆U (A.30)

where, K (t ) is the global stiffness matrix at time step t . As F (t )
OB is known, once the

global stiffness matrix K (t ) is obtained, the global generalised displacement ∆U can be
computed, after which all the degrees of freedom at time step t +∆t can be obtained:

U (t+∆t ) =U (t ) +∆U (A.31)

where, U (t+∆t ) is the generalised global unknown vector that is expected at time step
t +∆t . Note that the solution may be suffering from significant errors and be unstable,
due to the time or load step size used (Cerfontaine et al., 2015; Bathe, 1982). Therefore, the
Newton-Raphson scheme is used in each time step to iterate the solution until required
accuracy is achieved.

In LAGAMINE, the global stiffness matrix is obtained by assembling element stiffness
matrices, which are evaluated individually. For the continuum element stiffness and
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nodal forces, the evaluations can be found in (Dieudonné, 2016; Cerfontaine et al., 2015).
Here, only the interface element stiffness matrix is introduced.

Similarly to the generalised nodal unknowns ūIN, the generalised nodal forces of the
N th interface element can be expressed as:

f̄IN = [
f̄x f̄w f̄T

]T
(A.32)

Therefore, the element stiffness matrix of the N th interface element, kIN reads:

kI N ,30×30 = ∂ f̄IN

∂ūIN
=


∂ f̄x
∂x̄

∂ f̄x
∂p̄w

∂ f̄x

∂T̄
∂ f̄w
∂x̄

∂ f̄w
∂p̄w

∂ f̄w

∂T̄
∂ f̄T
∂x̄

∂ f̄T
∂p̄w

∂ f̄T

∂T̄

 (A.33)

The mechanical and hydraulic nodal forces of interface element can be found in (Liaudat
et al., 2023). The thermal nodal forces and corresponding components in the element
stiffness matrix can be obtained accordingly. To make the paper easy to read, the details
are not presented here.
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The placement of interface elements between continuum elements has been shown
not to affect the stress, pressure or temperature fields of intact rock when parameters are
appropriately chosen. In particular, the stiffness of the interface elements should be set
high enough to reduce the mechanical artificial compliance without causing numerical
instability. Similarly, to properly address the thermal and hydraulic artificial conductivity,
the transversal hydraulic transmissivity should be set as high as possible to minimise the
pressure and temperature drops across the interface elements.

However, a high transversal hydraulic transmissivity can result in fast heat convection
accross the interface elements. It is well known that fast heat convection in comparison
to conduction can lead to numerical oscillation. The Péclet number, a dimensionless
number that quantifies the relative importance of convective heat transport compared to
conductive heat transport, is used to characterise the dominant heat transfer mechanism.
It is defined as:

Pe = ρwcpwhvb/t
w

2λw
(transversal) (B.1)

where ρw [m3/h], cpw [J/kg·K] andλw [W/m·K] are the water density, specific heat capacity
and heat conductivity respectively. vb/t

w [m/s] is the transversal fluid velocity (from bottom
or top side of the interface element). h [m] is the element length.

A high Péclet corresponds to a convection-dominated transfer mechanism. In Section
3.3.1, it is shown that high longitudinal heat convection within the interface elements
can result in numerical oscillation, and that adding an artificial conductivity can stabilise
the solution. In the present case, transversal heat convection will also be high due
to the imposed high transversal transmissivity. Therefore, in this section, an artificial
conductivity is added to the transversal heat transfer terms. It is expressed as:

λa = δρwcpwh
∣∣∣vb/t

w

∣∣∣ (transversal) (B.2)

where δ is a tuning parameter. Consequently, the Péclet number with stabilisation reads:

Pe = ρwcpwhvb/t
w

2(λa +λw)
(transversal) (B.3)

To demonstrate the stabilisation technique, thermo-hydraulic (T-H) simulations of
the injection of cold water using the model equipped with interface elements with and
without stabilisation are first compared. Then, T-H simulations using the model with
interface elements and the model without interface elements are compared to demon-
strate the capability of the modelling approach (i.e. increasing the transversal hydraulic
conductivity of the interface element with stabilised technique) to reproduce the thermal
and hydraulic fields of the intact rock. The parameters of the continuum and interface
elements as well as boundary and initial conditions are the same as is presented earlier
in Tab. 5.1 and Tab. 5.2. The injection rate Qinj is assumed to be 72 m3/h with injection
temperature at 313 K.

Fig. B.1 compares temperature fields calculated without and with stabilisation techni-
que, of simulations on the domain including interface elements. Significant oscillation is
seen to occur if no stabilisation technique is used, and the simulation stops at t = 30 s due
to lack of numerical convergence. In contrast, when the stabilisation technique is used
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(with δ×h = 10 m), the simulation is seen to run smoothly and continuously without any
numerical oscillation.

T, K
353

313

(a) Temperature field without stabilisation. t = 30 s

10 m
(b) Temperature field with stabilisation (δ×h = 10). t = 2000 s

Figure B.1: Comparison of temperature fields (model region within radius of 10 meters is shown here) with and
without stabilisation technique for high Péclet number. The simulation without stabilisation is stopped at t = 30
s due to numerical divergence and temperature solution is with numerical oscillation. The black spots indicate
values outside the legend range 313 K - 353 K. In contrast, the simulation with stabilisation can run smoothly
without oscillation.

The second set of simulations investigates whether the model equipped with interface
elements, utilising high transversal transmissivity and stabilisation, can reproduce the
hydraulic and thermal fields of intact rock. To investigate this, two model domains are
used and the results compared. The first model only consists of continuum elements,
representing intact rock, while the other is composed of continuum elements and inter-
face elements. Two variants of the model with interface elements are used to investigate
the impact of the transversal hydraulic transmissivity. As before, thermo-hydraulic si-
mulations with same boundary and initial conditions are performed. Figs. B.2a and
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B.2b compare the spatial distribution of pressure and temperature of all three results.
Fig. B.2c presents the temperature results for an additional time step of the intact and
most successful stabilised solution. The results show that when the transversal hydraulic
transmissivity of the interface elements is 1E-10 m2, the temperature and pressure distri-
butions are imperceptibly different from those of the model without interface elements.
In contrast, when the transversal hydraulic transmissivity is 1E-12 m2, there is a large
difference in the zone with the interface elements. The comparison confirms that the
values of transversal fluid/heat transmissivity must be carefully selected, in order to have
realistic results, but this may require the use of a stabilisation technique to address the
resulting numerical oscillation due to high Péclet number.

(a) Pressure profile at t = 1440 h (b) Temperature profile at t = 1440 h

(c) Temperature profile after 5 and 1440 hours of cold water
injection

Figure B.2: Comparison of (a) pressure (t = 1440 h) and (b) temperature (t = 1440 h) distributions with and
without interface elements inserted in between all the continuum elements in the region with a radius of 10
meters. When the transversal hydraulic conductivity is 1E-10 m2 respectively, the pressure and temperature
distribution can be reproduced. (c) Comparison of temperature distribution evolving with time, of the model
equipped with interface element (t b/t = 1E-10 m2) and without interface element.
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In the normal scenario, labelled as N 1, the performance of cold water injection into
the synthetic non-clogged formation is investigated to evaluate the cooling effects, with
injection temperatures of 353 K (i.e. same temperature as the reservoir, ∆T = Tinj −Ti = 0
K, thus no cooling effects) to give a control simulation, 313 K (i.e. a temperature difference
of ∆T = 40K , which is representative of multiple geothermal heating projects) and 293
K (i.e. a temperature difference of ∆T = 60K , which is considered to be a reasonably
extreme lower bound).

Fig. C.1a presents the injection pressure evolution under fixed injection rate of 360
m3/h with two different ∆T . A slight but continuous increase in pinj under ∆T = 40 K
is observed, due to the increasing water viscosity of cold water. In contrast, when the
∆T = 60 K, a sharp decrease in injection pressure is observed and the simulation stops
early due to numerical divergence. This is a result of thermal contraction causing tension
and the opening of almost all interface elements, as shown in Fig. C.1b. Fractures are
induced almost in every direction within the cooled-down area is separated as a result
of thermal stress, though fractures have to follow the element edges. Some elements
are completely separated from others, leading to the unstable numerical solution. In
contrast, Fig. C.1c shows almost no fracturing when the ∆T = 40 K. Fig. C.2 presents the
distribution of the first principal stress from an elastic analysis, i.e. without interface
elements inserted, under the same boundary conditions. It shows that strong tensile
stress is induced at and near the borehole when ∆T = 60 K, since fracturing is not allowed
to happen (thus no stress relaxation). In contrast, Fig. C.2b tensile stress is much less
when ∆T = 40 K, showing almost identical level of stresses with the result shown in Fig.
C.1c, where interface elements are inserted in the near-borehole zone thus allowing
fracture to happen. The results implies that even though lower injection temperatures
can cause thermal fracturing which can improve injectivity, large thermal stresses could
lead to severe damage in the near-borehole zone, which can trigger several unfavourable
processes, such as sand production, even in normal operating conditions where clogging
has not occurred.
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(a)

(b)

σ1, MPa
23

-2010 m

(c)

Figure C.1: Results from THM (with interface elements inserted in the near-borehole zone until a radius of 10 m)
analysis of the normal scenario N 1. (a) Injection pressure changes with time under ∆T = 60 K and 40 K, and (b)
and (c) corresponding first principal stress (σ1) distributions with deformed mesh at t = 7.4 h. When ∆T = 60 K,
the simulation is stopped due to numerical divergence, a result of large fracture networks at the near-borehole
zone. The deformation is 50 times enlarged.

(a)

σ1, MPa
23

-2010 m

(b)

Figure C.2: Results from elastic (without interface elements) analysis of the normal scenario N 1. (a) and (b) first
principal stress (σ1) distributions under ∆T = 60 K and 40 K, respectively, with deformed mesh at t = 7.4 h.
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The moment tensor can be decomposed into three elementary tensors, i.e. ISO, DC,
and CLVD as follows (Vavryčuk, 2015):

M′ = MISOEISO +MDCEDC +MCLVDECLVD (D.1)

where M′ is the principal moment tensor in the principal coordinate system, and EISO,
EDC and ECLVD are the ISO, DC and CLVD elementary tensors, and read:

EISO =
1 0 0

0 1 0
0 0 1

 EDC =
1 0 0

0 0 0
0 0 −1

 E+
CLVD = 1

2

2 0 0
0 −1 0
0 0 −1

 or E−
CLVD = 1

2

1 0 0
0 1 0
0 0 −2


(D.2)

where E+
CLVD or E−

CLVD is used if M1 +M3 −2M2 ≥ 0 or M1 +M3 −2M2 < 0 (M1, M2 and
M3 are the eigenvalues of the principal moment tensor M′ and M1 ≥ M2 ≥ M3). The
corresponding elementary scalar moments read:

MISO = 1

3
(M1+M2+M3), MDC = 1

2
(M1−M3−|M1+M3−2M2|), MCLVD = 2

3
(M1+M3−2M2)

(D.3)
The values of MISO, MDC and MISO are generally normalised to obtain the contribution

of each elementary source mechanism: CISO

CDC

CCLVD

= 1

M

 MISO

MDC

MCLVD

 (D.4)

where M = |MISO|+ |MCLVD|+MDC, so that |CISO|+ |CCLVD|+CDC = 1 is always satisfied.
Physically, CISO =±1 indicates pure explosion/implosion. CDC = 1 indicates pure shear
failures while CDC = 0 indicates tensile failures that contain both ISO and CLVD compo-
nents (Vavryčuk, 2015).
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Cui, W., Potts, D. M., Zdravković, L., Gawecka, K. A. & Tsiampousi, A. (2019). Formula-
tion and application of 3D THM-coupled zero-thickness interface elements. Comput
Geotech 116, 103204, doi:10.1016/j.compgeo.2019.103204.

Dadi, S., Norbeck, J., Titov, A., Payeur, T., Machovoe, S. & Joern, K. (2024). Microseismic
monitoring of a horizontal EGS system: Case study and state of the art. In 49th Work-
shop on Geothermal Reservoir Engineering, SGP-TR-227, Stanford, California: Stanford
University, URL https://pangea.stanford.edu/ERE/db/GeoConf/papers/SGW/
2024/Dadi.pdf.

Dally, T., Bilgen, C., Werner, M. & Weinberg, K. (2020). Cohesive elements or phase-field
fracture: which method is better for dynamic fracture analyses? In Modeling and Simu-
lation in Engineering - Selected Problems, IntechOpen, doi:10.5772/intechopen.92180.

De Moura, M. & Gonçalves, J. (2015). Cohesive zone model for high-cycle fatigue of
composite bonded joints under mixed-mode i+ ii loading. Eng Fract Mech 140, 31–42,
doi:10.1016/j.engfracmech.2015.03.044.

De Simone, S. (2017). Induced sesimicity in enhanced geothermal systems: assessment of
thermo-hydro-mechanical effects. Ph.D. thesis, Universitat Politécnica de Catalunya,
Catalunya, URL https://upcommons.upc.edu/bitstream/handle/2117/107946/
TSdS1de1.pdf?sequence=1&isAllowed=y.

De Simone, S., Vilarrasa, V., Carrera, J., Alcolea, A. & Meier, P. (2013). Thermal coupling
may control mechanical stability of geothermal reservoirs during cold water injection.
Phys Chem Earth 64, 117–126, doi:10.1016/j.pce.2013.01.001.

Dempsey, D., Rowland, J., Zyvoloski, G. & Archer, R. (2012). Modeling the effects of silica
deposition and fault rupture on natural geothermal systems. J Geophys Res: Solid Earth
117, No. B5, doi:10.1029/2012JB009218.

https://doi.org/10.1016/S0013-7952(01)00124-7
https://doi.org/10.1007/BF00879595
https://doi.org/10.1016/0375-6505(86)90097-0
https://onepetro.org/NACECORR/proceedings-abstract/CORR19/All-CORR19/NACE-2019-12818/127158
https://onepetro.org/NACECORR/proceedings-abstract/CORR19/All-CORR19/NACE-2019-12818/127158
https://onepetro.org/NACECORR/proceedings-abstract/CORR19/All-CORR19/NACE-2019-12818/127158
https://doi.org/10.1016/j.geothermics.2006.11.007
https://doi.org/10.1016/j.compgeo.2019.103204
https://pangea.stanford.edu/ERE/db/GeoConf/papers/SGW/2024/Dadi.pdf
https://pangea.stanford.edu/ERE/db/GeoConf/papers/SGW/2024/Dadi.pdf
https://doi.org/10.5772/intechopen.92180
https://doi.org/10.1016/j.engfracmech.2015.03.044
https://upcommons.upc.edu/bitstream/handle/2117/107946/TSdS1de1.pdf?sequence=1&isAllowed=y
https://upcommons.upc.edu/bitstream/handle/2117/107946/TSdS1de1.pdf?sequence=1&isAllowed=y
https://doi.org/10.1016/j.pce.2013.01.001
https://doi.org/10.1029/2012JB009218


D

170 REFERENCES

Diaz, A. R., Kaya, E. & Zarrouk, S. J. (2016). Reinjection in geothermal fields- a worldwide
review update. Renew Sustain Energy Rev 53, 105–162, doi:10.1016/j.rser.2015.07.151.

Diersch, H.-J. G. (2014). FEFLOW: finite element modeling of flow, mass and heat transport
in porous and fracturedmedia. 1 edn., Springer Berlin, Heidelberg, doi:10.1007/978-3-
642-38739-5.

Dieudonné, A., Cerfontaine, B., Collin, F. & Charlier, R. (2015). Hydromechanical modelling
of shaft sealing for CO2 storage. Eng Geol 193, 97–105, doi:10.1016/j.enggeo.2015.04.016.

Dieudonné, A.-C. (2016). Hydromechanical behaviour of compacted bentonite: from
micro-scale analysis to macro-scale modelling. Ph.D. thesis, Université de Liège, Li-
ège, doi:https://hdl.handle.net/2268/201397.

Diller, D. E. & Gardner, S. P. (2012). Observations and implications from simultaneous
recording of microseismic surface and borehole data. The Leading Edge 31, No. 11,
1310–1317, doi:10.1190/tle31111310.1.

Dobbie, T. P., Maunder, B. R. & Sarit, A. D. (1982). Reinjection experience in the Phi-
lippines. In 4th New Zealand Geothermal Workshop, Auckand, New Zealand: Uni-
versity of Auckland, pp. 223–228, URL https://pangea.stanford.edu/ERE/db/
IGAstandard/record_detail.php?id=3283.

Doughty, C. (2013). User’s guide for hysteretic capillary pressure and relative permeability
functions in TOUGH2. Technical Report LBNL-6533E, Lawrence Berkeley National
Laboratory, Berkeley, California, doi:10.2172/1164322.

Dudani, N., Bhalla, U. S. & Ray, S. (2014). MOOSE, the multiscale object-oriented simula-
tion environment. New York: Springer, doi:10.1007/978-1-4614-7320-6_257-1.

Dugdale, D. (1960). Yielding of steel sheets containing slits. J Mech Phys Solids 8, No. 2,
100–104, doi:10.1016/0022-5096(60)90013-2.

Dutch Government (2024). Mining act. URL https://wetten.overheid.nl/
BWBR0014168/2024-05-01, accessed: 2025-03-29.

Dutch Government (2025). Water act. URL https://wetten.overheid.nl/
BWBR0025458/2024-01-01, accessed: 2025-03-29.

Eaton, D. W. & Forouhideh, F. (2011). Solid angles and the impact of receiver-array geo-
metry on microseismic moment-tensor inversion. Geophysics 76, No. 6, WC77–WC85,
doi:10.1190/geo2011-0077.1.

EGU Seismology ECS Team (2023). What is das? URL https://blogs.egu.eu/
divisions/sm/2023/12/02/what-is-das/, accessed: 2025-06-19.

Eisner, L., Thornton, M. & Griffin, J. (2011). Challenges for microseismic monitoring. In
SEG Technical Program Expanded Abstracts 2011, Society of Exploration Geophysicists,
pp. 1519–1523, doi:10.1190/1.3627491.

https://doi.org/10.1016/j.rser.2015.07.151
https://doi.org/10.1007/978-3-642-38739-5
https://doi.org/10.1007/978-3-642-38739-5
https://doi.org/10.1016/j.enggeo.2015.04.016
https://doi.org/https://hdl.handle.net/2268/201397
https://doi.org/10.1190/tle31111310.1
https://pangea.stanford.edu/ERE/db/IGAstandard/record_detail.php?id=3283
https://pangea.stanford.edu/ERE/db/IGAstandard/record_detail.php?id=3283
https://doi.org/10.2172/1164322
https://doi.org/10.1007/978-1-4614-7320-6{_}257-1
https://doi.org/10.1016/0022-5096(60)90013-2
https://wetten.overheid.nl/BWBR0014168/2024-05-01
https://wetten.overheid.nl/BWBR0014168/2024-05-01
https://wetten.overheid.nl/BWBR0025458/2024-01-01
https://wetten.overheid.nl/BWBR0025458/2024-01-01
https://doi.org/10.1190/geo2011-0077.1
https://blogs.egu.eu/divisions/sm/2023/12/02/what-is-das/
https://blogs.egu.eu/divisions/sm/2023/12/02/what-is-das/
https://doi.org/10.1190/1.3627491


REFERENCES

D

171

Elices, M., Guinea, G. V., Gomez, J. & Planas, J. (2002). The cohesive zone mo-
del: advantages, limitations and challenges. Eng Fract Mech 69, No. 2, 137–163,
doi:https://doi.org/10.1016/S0013-7944(01)00083-2.

Erarslan, N. & Williams, D. J. (2012). Investigating the effect of cyclic loading on the indirect
tensile strength of rocks. Rock Mech Rock Eng 45, No. 3, 327–340, doi:10.1007/s00603-
011-0209-7.

European Parliament and Council (2000). Directive 2000/60/EC establishing a framework
for Community action in the field of water policy. Official Journal of the European
Communities L 327, 1–73, URL https://eur-lex.europa.eu/legal-content/EN/
TXT/?uri=CELEX%3A32000L0060.

Evans, K. F., Moriya, H., Niitsuma, H., Jones, R., Phillips, W., Genter, A., Sausse, J., Jung, R.
& Baria, R. (2005). Microseismicity and permeability enhancement of hydrogeologic
structures during massive fluid injections into granite at 3 km depth at the Soultz HDR
site. Geophys J Int 160, No. 1, 388–412, doi:10.1111/j.1365-246X.2004.02474.x.

Fadili, A., Murtaza, A. & Zitha, P. (2022). Injectivity decline by nanoparticles transport in
high permeable rock. J Petrol Sci Eng 211, 110121, doi:10.1016/j.petrol.2022.110121.

Fallahzadeh, S., Hossain, M., Cornwell, A. J. & Rasouli, V. (2017). Near wellbore hydraulic
fracture propagation from perforations in tight rocks: the roles of fracturing fluid
viscosity and injection rate. Energies 10, No. 3, 359, doi:10.3390/en10030359.

Faoro, I., Elsworth, D. & Candela, T. (2016). Evolution of the transport properties of
fractures subject to thermally and mechanically activated mineral alteration and redis-
tribution. Geofluids 16, No. 3, 396–407, doi:10.1111/gfl.12157.

Feng, J., Zhao, Y., Ji, D., Gao, Z. et al. (2021). An experimental study on bio-clogging in
porous media during geothermal water reinjection. J Water Resour Prot 13, No. 02, 139,
doi:10.4236/jwarp.2021.132008.

Finster, M., Clark, C., Schroeder, J. & Martino, L. (2015). Geothermal produced fluids:
Characteristics, treatment technologies, and management options. Renew Sustain
Energy Rev 50, 952–966, doi:10.1016/j.rser.2015.05.059.

Fox, D. B., Koch, D. L. & Tester, J. W. (2016). An analytical thermohydraulic model for
discretely fractured geothermal reservoirs. Water Resour Res 52, No. 9, 6792–6817,
doi:10.1002/2016WR018666.

Franco, J., Ortiz, M., De, G., Renlie, L. & Williams, S. (2006). Sonic investigation in
and around the borehole. Oilfield Rev 18, 14–31, URL https://www.researchgate.
net/profile/Masaei-Ito/publication/266460849_Sonic_Investigations_
In_and_Around_the_Borehole/links/54b7bea90cf2bd04be33c579/
Sonic-Investigations-In-and-Around-the-Borehole.pdf.

Fujita, C., Akhtar, M. S., Hidaka, R. & Nishigaki, M. (2022). Mitigation of groundwater
iron-induced clogging by low-cost bioadsorbent in open loop geothermal heat pump
systems. Appl Water Sci 12, No. 3, 30, doi:10.1007/s13201-022-01574-x.

https://doi.org/https://doi.org/10.1016/S0013-7944(01)00083-2
https://doi.org/10.1007/s00603-011-0209-7
https://doi.org/10.1007/s00603-011-0209-7
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32000L0060
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32000L0060
https://doi.org/10.1111/j.1365-246X.2004.02474.x
https://doi.org/10.1016/j.petrol.2022.110121
https://doi.org/10.3390/en10030359
https://doi.org/10.1111/gfl.12157
https://doi.org/10.4236/jwarp.2021.132008
https://doi.org/10.1016/j.rser.2015.05.059
https://doi.org/10.1002/2016WR018666
https://www.researchgate.net/profile/Masaei-Ito/publication/266460849_Sonic_Investigations_In_and_Around_the_Borehole/links/54b7bea90cf2bd04be33c579/Sonic-Investigations-In-and-Around-the-Borehole.pdf
https://www.researchgate.net/profile/Masaei-Ito/publication/266460849_Sonic_Investigations_In_and_Around_the_Borehole/links/54b7bea90cf2bd04be33c579/Sonic-Investigations-In-and-Around-the-Borehole.pdf
https://www.researchgate.net/profile/Masaei-Ito/publication/266460849_Sonic_Investigations_In_and_Around_the_Borehole/links/54b7bea90cf2bd04be33c579/Sonic-Investigations-In-and-Around-the-Borehole.pdf
https://www.researchgate.net/profile/Masaei-Ito/publication/266460849_Sonic_Investigations_In_and_Around_the_Borehole/links/54b7bea90cf2bd04be33c579/Sonic-Investigations-In-and-Around-the-Borehole.pdf
https://doi.org/10.1007/s13201-022-01574-x


D

172 REFERENCES

Garipov, T. T., Tomin, P., Rin, R., Voskov, D. V. & Tchelepi, H. A. (2018). Unified thermo-
compositional-mechanical framework for reservoir simulation. Computat Geosci 22,
No. 4, 1039–1057, doi:10.1007/s10596-018-9737-5.

Garolera Vinent, D. (2017). Zero-thickness interface elements in petroleum geomecha-
nics: sand production and hydraulic fractureproblems. Ph.D. thesis, Universitat Politèc-
nica de Catalunya · BarcelonaTech, Barcelona, URL https://upcommons.upc.edu/
bitstream/2117/168575/1/TDGV1de1.pdf.

Gasc-Barbier, M., Girma, G. & Gendre, V. (2014). Laboratory analysis of thermal fa-
tigue in limestone. In ISRM Regional Symposium - EUROCK 2014, Vigo, Spain,
pp. 2014–043, URL https://onepetro.org/ISRMEUROCK/proceedings/EUROCK14/
EUROCK14/ISRM-EUROCK-2014-043/41646.

Geertsma, J. & De Klerk, F. (1969). A rapid method of predicting width and extent of hydrau-
lically induced fractures. J Petrol Technol 21, No. 12, 1571–1581, doi:10.2118/2458-PA.

German Environment Agency (UBA) (2011). Follow-up benchmark study – geo-
thermal power and heat generation in Hungary. Technical report, Umweltbun-
desamt, URL https://www.umweltbundesamt.de/sites/default/files/
abschlussbericht_en.pdf, accessed: 2025-05-16.

Ghassemi, A. (2012). A review of some rock mechanics issues in geothermal reservoir
development. Geotech Geol Eng 30, 647–664, doi:10.1007/s10706-012-9508-3.

Ghassemi, A., Tarasovs, S. & Cheng, A.-D. (2007). A 3-d study of the effects of thermome-
chanical loads on fracture slip in enhanced geothermal reservoirs. Int J Rock Mech Min
Sci 44, No. 8, 1132–1148, doi:10.1016/j.ijrmms.2007.07.016.

Gino, E., Starosvetsky, J., Kurzbaum, E. & Armon, R. (2010). Combined chemical-biological
treatment for prevention/rehabilitation of clogged wells by an iron-oxidizing bacterium.
Environ Sci Technol 44, No. 8, 3123–3129, doi:10.1021/es903703v.

Goyal, K. & Conant, T. (2010). Performance history of The Geysers steam field, California,
USA. Geothermics 39, No. 4, 321–328, doi:10.1016/j.geothermics.2010.09.007.

Grant, M. A., Clearwater, J., Quinão, J., Bixley, P. F. & Brun, M. L. (2013). Thermal sti-
mulation of geothermal wells: a review of field data. In 38th Workshop on Geother-
mal Reservoir Engineering, Stanford, Canifornia: Stanford University, URL https:
//pangea.stanford.edu/ERE/pdf/IGAstandard/SGW/2013/Grant1.pdf.

Grechka, V., Howell, B., Li, Z., Furtado, D. & Straus, C. (2021). Microseismic at HFTS2:
A story of three stimulated wells. In The 9th Unconventional Resources Technology
Conference, Houston, Texas, USA: American Association of Petroleum Geologists,
doi:10.15530/urtec-2021-5517, URL URTEC-2021-5517-MS.

Guinot, F. & Marnat, S. (2021). Death by injection: reopening the Klaipėda geothermal
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Propositions

accompanying the dissertation

Study of near-borehole thermo-hydro-mechanical
processes

by
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1. All subsurface models are wrong. [This proposition pertains to this dissertation.]

2. A good subsurface model is the one that reflects your research focus while includ-
ing necessary characteristics of the subsurface layers. [This proposition pertains
to this dissertation.]

3. Formation damage happens in every geothermal reservoir. [This proposition per-
tains to this dissertation.]

4. For micro-seismic monitoring, noise is a more important factor than source fre-
quency, which determines the feasibility of using a single-well dual-cable distributed
acoustic sensing for localising micro-seismicity. [This proposition pertains to this
dissertation.]

5. Organising a conference helps young researchers build stronger networks and gain
more visibility than just attending one.

6. When evaluating a Ph.D, not only the publications should be counted, but also the
registered leave hours.

7. Writing and simulating are equally important for academic publications.

8. Bi-weekly progress meetings are more efficient than weekly meetings.

9. Do not let what your model cannot do interfere with what your model can do.

10. Modelling is a process going from failure to failure to success without losing en-
thusiasm.

These propositions are regarded as opposable and defendable, and have been approved
as such by the promotors Prof. dr. P. J. Vardon, Prof. dr. rer. nat. F. Amann,

Dr. G. G. Drijkoningen & Dr. ir. A. C. Dieudonné.



Stellingen

behorende bij het proefschrift
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het boorgat
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1. Alle ondergrondse modellen zijn fout. [Deze stelling heeft betrekking op dit proef-
schrift.]

2. Een goed ondergronds model is het model dat uw onderzoeksfocus weerspiegelt
en tegelijkertijd de noodzakelijke kenmerken van de ondergrondse lagen omvat.
[Deze stelling heeft betrekking op dit proefschrift.]

3. Formatiebeschadiging treedt in elk geothermisch reservoir op. [Deze stelling heeft
betrekking op dit proefschrift.]

4. Voor micro-seismische monitoring is ruis een belangrijkere factor dan de bronfre-
quentie, die de haalbaarheid bepaalt van het gebruik van een enkelput-dualkabel
distributed acoustic sensing voor het lokaliseren van micro-seismiciteit. [Deze
stelling heeft betrekking op dit proefschrift.]

5. Het organiseren van een conferentie helpt jonge onderzoekers sterkere netwerken
op te bouwen en meer zichtbaarheid te krijgen dan enkel het bijwonen ervan.

6. Bij het evalueren van een promotie dienen niet alleen de publicaties mee te tellen,
maar ook de geregistreerde verlofuren.

7. Schrijven en simuleren zijn even belangrijk voor wetenschappelijke publicaties.

8. Tweewekelijkse voortgangsvergaderingen zijn efficiënter dan wekelijkse vergaderin-
gen.

9. Laat niet toe dat wat uw model niet kan, in de weg staat van wat uw model wél kan.

10. Modelleren is een proces van falen naar falen naar succes zonder enthousiasme te
verliezen.

Deze stellingen worden beschouwd als betwistbaar en verdedigbaar, en zijn als zodanig
goedgekeurd door de promotoren Prof. dr. P. J. Vardon, Prof. dr. rer. nat. F. Amann,

Dr. G. G. Drijkoningen & Dr. ir. A. C. Dieudonné .
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