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Abstract 

Hydraulic-driven fractures play a key role in subsurface energy technologies across several scales. By 

injecting fluid at high hydraulic pressure into rock with intrinsic low permeability, in-situ stress field 

and fracture development pattern can be characterised as well as rock permeability can be enhanced. 

Hydraulic fracturing is a commercial standard procedure for enhanced oil and gas production of rock 

reservoirs with low permeability in petroleum industry. However, in EGS utilization, a major geological 

concern is the unsolicited generation of earthquakes due to fault reactivation, referred to as induced 

seismicity, with a magnitude large enough to be felt on the surface or to damage facilities and buildings. 

Furthermore, reliable interpretation of hydraulic fracturing tests for stress measurement is a great 

challenge for the energy technologies. Therefore, in this cumulative doctoral thesis the following 

research questions are investigated. (1): How do hydraulic fractures grow in hard rock at various scales?; 

(2): Which parameters control hydraulic fracturing and hydro-mechanical coupling?; and (3): How can 

hydraulic fracturing in hard rock be modelled? 

In the laboratory scale study, several laboratory hydraulic fracturing experiments are investigated 

numerically using Irazu2D that were performed on intact cubic Pocheon granite samples from South 

Korea applying different injection protocols. The goal of the laboratory experiments is to test the concept 

of cyclic soft stimulation which may enable sustainable permeability enhancement (Publication 1).  

In the borehole scale study, hydraulic fracturing tests are reported that were performed in boreholes 

located in central Hungary to determine the in-situ stress for a geological site investigation. At depth of 

about 540 m, the recorded pressure versus time curves in mica schist with low dip angle foliation show 

atypical evolution. In order to provide explanation for this observation, a series of discrete element 

computations using Particle Flow Code 2D are performed (Publication 2). 

In the reservoir scale study, the hydro-mechanical behaviour of fractured crystalline rock due to one of 

the five hydraulic stimulations at the Pohang Enhanced Geothermal site in South Korea is studied. Fluid 

pressure perturbation at faults of several hundred-meter lengths during hydraulic stimulation is 

simulated using FracMan (Publication 3). 

The doctoral research shows that the resulting hydraulic fracturing geometry will depend “locally”, i.e. 

at the length scale of representative elementary volume (REV) and below that (sub-REV), on the 

geometry and strength of natural fractures, and “globally”, i.e. at super-REV domain volume, on far-

field stresses. Regarding hydro-mechanical coupling, it is suggested to define separate coupling 

relationship for intact rock mass and natural fractures. Furthermore, the relative importance of 

parameters affecting the magnitude of formation breakdown pressure, a parameter characterising hydro-

mechanical coupling, is defined. It can be also concluded that there is a clear gap between the capacity 

of the simulation software and the complexity of the studied problems. Therefore, the computational 

time of the simulation of complex hydraulic fracture geometries must be reduced while maintaining high 

fidelity simulation results. This can be achieved either by extending the computational resources via 
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parallelization techniques or using time scaling techniques. The ongoing development of used numerical 

models focuses on tackling these methodological challenges. 
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Zusammenfassung 

Hydraulische Risserzeugung (aus dem Englischen „Hydraulic Fracturing“; auch hydraulische 

Stimulation genannt) spielt eine Schlüsselrolle in unterirdischen Energietechnologien auf verschiedenen 

Skalen. Durch Injektion von Flüssigkeit mit hohem hydraulischem Druck im Gestein mit geringer 

Permeabilität können das Spannungsfeld und das Bruchentwicklungsmuster in-situ charakterisiert sowie 

die Gesteinspermeabilität erhöht werden. Hydraulic Fracturing ist ein kommerzielles Standardverfahren 

zur verbesserten Öl- und Gasförderung aus geringpermeablen Gesteinsformationen in der 

Erdölindustrie. Ein großes geologisches Problem bei der geothermischen Nutzung ist die ungewollte 

Erzeugung von Erdbeben aufgrund einer Verwerfungsreaktivierung, die als induzierte Seismizität 

bezeichnet wird und eine Größenordnung hat, die groß genug ist, dass sie an der Oberfläche zu spüren 

ist und sogar Gebäude beschädigen kann. Darüber hinaus ist die zuverlässige Interpretation von 

Hydraulic-Fracturing-Tests zur Spannungsmessung eine große Herausforderung für die 

Energietechnologien. Daher werden in dieser kumulativen Dissertation folgende Forschungsfragen 

untersucht: (1): Wie wachsen hydraulische Risse in Hartgestein in verschiedenen Skalen? (2): Welche 

Parameter steuern das hydraulische Versagen und die hydromechanische Kopplung? und (3): Wie kann 

hydraulische Risserzeugung in Hartgestein modelliert werden? 

In der Studie im Labormaßstab werden mehrere Hydrofracturing-Laborexperimente numerisch mit 

Irazu2D untersucht, die an intakten kubischen Pocheon-Granitproben aus Südkorea unter Anwendung 

verschiedener Injektionsprotokolle durchgeführt wurden. Das Ziel der Laborexperimente ist es, das 

Konzept der zyklischen sanften Stimulation zu testen, die eine nachhaltige Permeabilitätserhöhung 

ermöglichen kann (Veröffentlichung 1). 

Die Studie im Bohrlochmaßstab untersucht Hydraulic Fracturing Tests, die in Bohrlöchern in Mittel-

Ungarn durchgeführt wurden, um das in-situ Spannungsfeld für eine geologische Standortuntersuchung 

zu bestimmen. In einer Tiefe von etwa 540 m zeigen die aufgezeichneten Druck-Zeit-Kurven im 

Glimmerschiefer mit einer Schieferung mit geringem Neigungswinkel eine atypische Entwicklung. Um 

diese Beobachtung zu erklären, wird eine Reihe von diskreten Elementberechnungen unter Verwendung 

von Particle Flow Code 2D durchgeführt (Veröffentlichung 2). 

In der Studie im Reservoirmaßstab wird das hydromechanische Verhalten des aufgebrochenen 

kristallinen Gesteins an einer der fünf hydraulischen Stimulationen am Pohang Enhanced Geothermal 

System (EGS) Standort in Südkorea untersucht. Mit FracMan wird die Fluiddruckstörung an 

Verwerfungen von mehreren hundert Metern Länge während der hydraulischen Stimulation simuliert 

(Veröffentlichung 3). 

Die Ergebnisse dieser Dissertation zeigen, dass die resultierende hydraulische Bruchgeometrie „lokal“, 

d. h. auf der Längenskala des repräsentativen Elementarvolumens (REV) und darunter (sub-REV) von 

der Geometrie und Stärke natürlicher Risse und „global“, d.h.  bei Super-REV-Domänenvolumen, vom 

Spannungsfeld abhängt. In Bezug auf die hydromechanische Kopplung wird vorgeschlagen, separate 
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Kopplungsbeziehungen für intakte Gesteinsmassen und natürliche Risse zu definieren. Darüber hinaus 

wird die relative Bedeutung von Parametern definiert, die die Größe des Formationsbruchdrucks 

beeinflussen, ein Parameter, der die hydromechanische Kopplung charakterisiert. Es kann auch 

festgestellt werden, dass es eine klare Lücke zwischen der Leistungsfähigkeit der Simulationssoftware 

und der Komplexität der untersuchten Probleme gibt. Daher muss die Rechenzeit der Simulation 

komplexer hydraulischer Rissgeometrien reduziert werden, währenddessen die Simulationsergebnisse 

mit hoher Genauigkeit beibehalten werden. Dies kann entweder durch Erweiterung der 

Rechenressourcen über Parallelisierungstechniken oder durch Verwendung von 

Zeitskalierungstechniken erreicht werden. Die Weiterentwicklung der verwendeten numerischen 

Modelle konzentriert sich auf die Bewältigung dieser methodischen Herausforderungen. 
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Chapter 1 Introduction and numerical approaches 

This chapter gives first a brief introduction to the underlying processes and scales of hydraulic 

fracturing, and the related mathematical-physical principles in general. This is followed by giving an 

overview on the available numerical models for the simulation of hydraulic fracturing. Based on the 

overview, the evaluation and selection of numerical codes are presented. At the end of the chapter, 

structure of the thesis is presented. 

1.1 Problem statement 

Hydraulic-driven fractures play a key role in subsurface energy technologies across several scales 

(Figure 1). The target of these is often the same. In hydraulic fracturing, by injecting fluid at high 

hydraulic pressure into rock with intrinsic low permeability in several cycles (Figure 2), in-situ stress 

field and fracture development pattern can be characterised (Zang and Stephansson, 2010; Zoback, 

2007). Hydraulic fracturing as a stress measurement method involves minimum stress and fracture 

characterization via shut-in pressure analysis and the determination of maximum horizontal stress 

direction based on the analysis of impression packer record or borehole televiewer logs (Haimson and 

Cornet, 2003). 

At reservoir scale, in the case of unconventional oil and shale gas as well as deep geothermal 

reservoirs, hydraulic fracturing is an efficient way to increase the hydraulic permeability of rock and to 

create a fracture network for transport paths in tight rock (Economides and Nolte, 2000). In the 

geothermal application, the hydraulic stimulation of unconventional reservoirs located at a depth of two 

to five thousand meters are referred to as hot dry rock (HDR) systems, or enhanced geothermal systems, 

EGS, depending on the presence of high enthalpy fluid in the rock formation (Huenges, 2010). 

Furthermore, at tunnel scale, geotechnical and mining engineering, e.g. the construction of underground 

nuclear waste repository, requires the safety assessment of geological risks with highest confidence. 

These are often related to fracture opening due to the percolation of groundwater from degraded 

underground man-made structures and subsequent seepage through interconnected fractures or seismic 

events in deep crustal rock (Ahusborde et al., 2021). In order to get a better understanding of 

micromechanical processes during hydraulic fracture growth, laboratory experiments can be conducted 

(Zhuang and Zang, 2021). 

Hydraulic fracturing is a commercial standard procedure for enhanced oil and gas production 

of tight rock reservoirs in petroleum industry. However, in EGS utilization, a major geological concern 

is the unsolicited generation of earthquakes due to fault reactivation, referred to as induced seismicity, 

with a magnitude large enough to be felt on the surface or to damage facilities and buildings (Grünthal, 

2014; Zang et al., 2014). Thus, large induced seismic events may result in project suspension or closure 

(Tester, 2006). Furthermore, the generation of fracture network with insufficient permeability and, in 

particular, insufficient flow rate, may make an EGS project uneconomic (Breede et al., 2013; Lu, 2017). 
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Therefore, recent geoscientific research projects, such as DESTRESS and GEMEX projects focus on 

designing hydraulic stimulation treatments that enable safer and more economic production (Bruhn et 

al., 2021; Huenges et al., 2021). Apart from that, reliable interpretation of hydraulic fracturing tests for 

stress measurement is of great importance for all rock engineering problems presented above (Amadei 

and Stephansson, 1997). There is an increasing need for tools that can gain in-depth insights into the 

process of hydraulic fracture growth that can be linked with the recorded pressure history for joint 

interpretation (Lavrov et al., 2016). 

The process of hydraulic fracturing or hydraulic stimulation composes of three main processes: 

fracture initiation, fracture propagation and shut-in or flow-back (Chen et al., 2021). The three main 

processes can be extended by fracture coalescence and crack arrest-stopping phases between fracture 

propagation and shut-in (Zang and Stephansson, 2010).  The complexity of predicting the resulting 

fracture network is controlled by several factors: 

1. Fluid flow within the fracture is coupled with rock deformation and vice versa. This is referred 

to as hydro-mechanical coupling (Jaeger et al., 2007). 

2. Several multiphysics processes are included, such as interaction between natural and hydraulic 

fractures and leak-off. The interplay and the competition between these processes lead to multiple 

length scales (Figure 1) and time scales (Detournay, 2016; Hyman et al., 2016). 

3. Geological and operational conditions are challenging to model accurately due to the variable 

availability of validating data and often high associated costs (Chen et al., 2021). 

Although numerical modelling can be an effective tool to analyse and predict coupled hydro-

mechanical processes during hydraulic fracturing at various scales, however, several aspects of the 

problem must be simplified. This has resulted in the development of various analytical solutions and 

numerical models with their suggested applicability and limitations (Shen et al., 2020).  

In the following chapters, brief overview is given on the relevant physical processes and 

mathematical models on hydraulic fracturing as well as on numerical models relevant for the doctoral 

thesis. 
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Figure 1: The process of hydraulic fracturing is a multiscale process ranging from fracture length of mm to km. Typical fracture 

lengths, application scale as well as relevant energy technologies are summarised. Microscale: computed tomography (CT) 
scan of laboratory hydraulic fracture in Pocheon granite from South Korea. Mesoscale: granodiorite tunnel in the Äspö Hard 

Rock Laboratory in Sweden. Macroscale: Outcrop of the granodiorite basement rock near Pohang, South Korea.  

 

 

Figure 2: (a): Schematic illustration of hydraulic fracturing setup. (b): typical hydraulic fracture treatment record of pumping 

pressure versus time with distinct pressure in each pumping cycle. (c): geometry of the induced hydraulic fracture with respect 

to the maximum (SH) and minimum horizontal (Sh) in-situ stresses for a horizontal plane through a vertical borehole (modified 

from Eberhardt and Amini, 2018).  
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1.2 Main physical processes and mathematical models 

1.2.1 Rock deformation 

Rock deformation is controlled by rock properties and boundary conditions such as fluid pressure and 

in-situ stresses. Due to the intrinsic complexity, one of the most widely adopted constitutive relationship 

between stress and strain is linear elasticity based on Hooke’s law formulated as: 

 𝜎 = 𝐶𝜀 (1) 

where σ is the Cauchy stress tensor, C is the elastic tensor determined by Poisson’s ratio (ν) and 

Youngs’s modulus (E), and ε is the linear strain tensor (Goodman, 1989). 

1.2.2 Fluid flow in the fracture 

Fluid flow in the fracture during hydraulic fracturing is generally modelled based on the lubrication 

theory, which assumes that the aperture of a hydraulic fracture is much smaller than its height and length 

(Bear and Verruijt, 1987). This is expressed by the cubic law (Poiseuille’s law or Darcy’s law) where 

flow rate is related with the pressure gradient along the fracture: 

 𝑞 =
−𝑒3

12𝜇

𝑑𝑃

𝑑𝐿
 (2) 

where q is the two-dimensional flow rate, e is the hydraulic aperture (non-linearly related to 

permeability), µ is the fluid viscosity, P is the fluid pressure, and L is the fracture path.  

Furthermore, the continuity equation is considered, which is generally expressed as: 

 

 
𝑑𝑒

𝑑𝑡
+

𝑑𝑞

𝑑𝐿
+ 𝑣𝑙 = 0 (3) 

where vl is the leak-off flow velocity. 

1.2.3 Fracture growth 

In fracture mechanics, fracture growth is determined by rock failure criteria. The most widely adopted 

failure criteria are those based on phenomenological observation, mechanistic theory, linear elastic 

fracture mechanics (LEFM) criteria that are based on critical stress intensity factor (fracture toughness) 

as well as non-linear fracture mechanics (NFM) criteria that are based on rock (cohesive) process zone 

(Zang and Stephansson, 2010). The phenomenological failure criteria include Mohr-Coulomb criterion 

for compact rock without appreciable open cracks and the empirical Hoek-Brown criterion. The most 

widely used general mechanistic failure criterion is the Griffith criterion for quasi-static single tensile 

crack growth based on specific surface fracture energy. As for LEFM criteria, fracture toughness for 

mode I (tensile, Figure 3a), KIC, mode II (sliding-, Figure 3b), KIIC, and mode III (tearing shear, Figure 

3c) fractures, KIIIC, are generally assumed. In NFM approach, process zone ahead of the fracture with 

given radius is assumed to reduce stress singularity to finite strength value (Figure 3d-f). In rock 
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mechanics, the process zone is seen as volume of fresh created microcracks ahead of the tip of a 

propagating macroscopic fracture. 

 

Figure 3: Synoptic illustration of mode I, II and III fracture propagation in linear elastic fracture mechanics (LEFM, top) and 

non-linear fracture mechanics (NFLM, bottom). An idealised, sharp cut in elastic, homogeneous, isotropic material represents 

mode I tensile crack (a), mode II in-plane shear crack (b) and mode III anti-plane shear crack (c) growth in LEFM. The 

idealised shape of the process zone of a tensile fracture (d), sliding mode shear fracture (e) and tearing mode shear fracture 
(f) is contoured by approximate solutions in NFM. The actual geometry of the process zone of an anti-plane shear rupture is 

not yet known (modified from Zang and Stephanson, 2010). 

Regarding hydraulic fracture models, the most widely adopted fracture criterion is the Haimson-

Fairhurst or the poroelastic hydraulic fracture criterion (Haimson and Fairhurst, 1967), which defines 

the formation breakdown pressure, FBP, required for mode I fracture initiation due to hydraulic 

pressurization: 

 

 𝐹𝐵𝑃 =
3𝑆ℎ−𝑆𝐻+𝑇0

2−𝛼(
1−2𝜈

1−𝜈
)
 (4) 

 

where α is Biot’s coefficient, T0 is the rock tensile strength as well as Sh and SH are the minimum and 

maximum horizontal stress in the Earth’s crust, respectively.  

1.2.4 Further physical properties and processes 

Apart from the noted three main hydraulic fracturing processes, further physical properties and processes 

can be considered, such as poroelasticity, leak-off, interaction of hydraulic and natural fractures, rock 

heterogeneity and anisotropy as well as fluid lag and proppant transport.  

Poroelasticity, i.e. the coupled effect of porosity and pore pressure in rock deformation has been 

also adopted in linear elastic constitutive models (Jaeger et al., 2007). Using Biot’s consolidation theory 
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(Biot, 1941; Nur and Byerlee, 1971), Biot’s coefficient, α, is introduced to relate pore pressure in pores 

and rock deformation where pore pressure, Pp, and effective stress tensor, σeff, are related as follows: 

 

 𝛼 = (1 −
𝐾𝑝

𝐾𝑠
) ;    𝜎𝑒𝑓𝑓 = 𝜎 − 𝛼𝑃𝑝 (5) 

 

where Ks is the bulk modulus of the rock without pores and Kp is the bulk modulus of the rock with 

pores, also called the modulus of the frame. Since α < 1 by definition, the pore pressure cannot 

completely counteract the effect of the confining pressure in changing the bulk volume. Thus, the Biot’s 

coefficient is also known as the effective stress coefficient. In the case of granitic hard rock, the effect 

of pore pressure on shear strength of intact formation is often demonstrated by combining the Mohr-

Coulomb failure criterion with the concept of effective stress.  

The effect of leak-off on hydraulic fracturing treatments can be twofold (Ahmed and Meehan, 

2016). It may retard fracture propagation, and thus change the geometry of induced fracture network. 

Secondly, if additive particles (proppants) are added to the fracturing fluid, final proppant distribution 

is highly affected by leak-off. Carter’s leak-off model is widely used (Economides and Nolte, 2000), 

where ql depends on fluid viscosity, formation permeability and filtrate cake formation. The model is 

derived from the one-dimensional Darcy’s law; thus, it is only valid for leak-off during the propagation 

of a single planar hydraulic fracture. 

Natural fractures influence hydraulic fracturing treatments in various ways including leak-off 

and proppant transport. Due to interaction between them, natural fractures may be reactivated or crossed 

during the treatment resulting in a complex fracture network instead of a planar fracture. According to 

Kolawole and Ispas (2020) and Shahid et al. (2016), the fracture geometry resulting from the interaction 

between hydraulic and natural fractures depends on various geological and operational parameters, such 

as the in-situ stress field, the shear strength of natural fractures, the intersection angle as well as the 

injection flow rate. 

Shale rock and several metamorphic hard rock types, e.g. mica schist, are recognised to show 

not only heterogeneity, but anisotropy at different scales as well (Jaeger et al., 2007). Their significance 

is associated with their effect on the breakdown pressure and the geometry of the generated fracture 

network. Due to limited available geological information, the geometry of natural anisotropic structures 

are commonly characterised via statistical distributions, e.g. power-law type relationships or uniform 

distributions. 

Fracturing fluid may fill the fracture partially. The difference between fluid front and fracture 

tip is referred to as fluid lag. When fracture toughness is small, the effect of fluid lag is significant 

(Garagash, 2006). At reservoir scale, due to high confining stresses, fluid lag effects can be often 

neglected (Detournay, 2016). 
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The incorporation of proppants makes fluid flow a mass transport process. Their influence on 

hydraulic fracturing are manifold (Barboza et al., 2021). First, they change the rheological properties of 

the fracturing fluid. Second, proppant settling and convection as well as proppant build up must be 

considered. Third, after flow back, proppant distribution affects the final fracture network. Although, 

the application of proppant for hydraulic fracturing in deep geothermal reservoirs has been tested 

(Blöcher et al., 2016; Moska et al., 2021; Zimmermann and Reinicke, 2010), these are not used in the 

experiments presented in this thesis. Thus, their effect is not discussed. 

The interaction of the processes mentioned in Chapters 1.2.1 and 1.2.2 are captured via various 

coupling approaches discussed in Chapter 1.4. A generalised summary of various two-way interacting 

mechanisms between mechanical, hydraulic, thermal and chemical processes is given in Figure 4. 

Although the focus is on coupled hydro-mechanical processes during hydraulic fracturing in this thesis, 

Ahusborde et al. (2021) and Gaucher et al. (2015) pointed out that thermal and chemical processes may 

also play an important role in energy technologies. 

 

Figure 4: Illustration of generalised coupled thermal-hydro-mechanical-chemical processes relevant to hydraulic fracturing 

in hard rock (modified from Gaucher et al., 2015 and Ahusborde et al., 2021). 

1.3 The multiple length and time scales of hydraulic fracturing 

1.3.1 Length scale effects 

The length scale effects are associated with heterogeneity and anisotropy of rock mass. It is often 

observed that the measured value of any geomechanical property, e.g. porosity, permeability, stress, 

always depends on how pre-existing defects are considered (Figure 5; Wong, 2018; Zang and 
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Stephansson, 2010). Thus, representative elementary volume (REV) can be defined for any given body 

(Bear and Verruijt, 1987; Hudson and Harrison, 2000). For a given REV, the size of the sample tested 

contains a sufficient number of defects for the “average” value of the investigated property to be 

consistent with repeated testing. Jing (2003) points out that scale effects have the following implications 

on rock properties: 

▪ Properties measured in the lab may have to be “upscaled” (also referred to as homogenised) at 

a larger scale; 

▪ Properties at larger scale cannot be measured directly; 

▪ Properties may have to be determined by empirical methods; and  

▪ Uncertainty of property cannot be quantified unambiguously. 

As a result, it is always suggested to test parameters at the given scale in-situ to minimise scale effects. 

 

 

Figure 5: Concept of the representative elementary volume (REV). a: REV describing the rock mass by capturing different 

defects and set of joints (discontinuities); b: variability of a rock property (e.g. porosity, stress, permeability, etc.) in the 

function of length scale (modified from Zang and Stephansson (2010)). 

1.3.2 Time scale effects 

Based on Detournay (2016), there are several time scales during a hydraulic fracturing 

experiment that characterise the growth of hydraulic fractures referred to as limiting fracture behaviours, 

regimes or asymptotic solutions. These limiting regimes are associated with concurring energy 

dissipation mechanisms, that is, toughness and viscosity, as well as competing fluid volume 

conservation processes, i.e. storage and leak-off. In order to generalise the solutions for each limiting 

regime, referred to as vertices, dimensionless groups are introduced by Detournay (2016). 

Dimensionless parameters characterising various physical processes are derived and the solutions are 

expressed in terms of those. Three combinations of material parameters are introduced to these 

equations: 
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 𝐸′ =
𝐸

1−𝜈2 ;    𝜇′ = 12𝜇;   𝐾′ = 4 (
2

𝜋
)

1/2
𝐾𝐼𝐶   (6) 

 

where E’ is the plane strain modulus, µ’ is fluid viscosity for scaling as well as K’ is mode I toughness 

for scaling. Detournay (2004) introduces two dimensionless groups, ℳ and 𝒦, characterising the effect 

of fluid viscosity and rock toughness, respectively: 

 

 ℳ = 𝜇′ (
𝑄0

3𝐸′13

𝐾′18𝑡2)
1/5

~ 𝑡−2/5 (7) 

 𝒦 = K′ (
𝑡2

𝜇′5𝑄0
3𝐸′13)

1

18
~ 𝑡1/9 (8) 

 

where Q0 is the constant injection rate as well as ℳ and 𝒦 are dependent (ℳ = 𝒦-18/5). The time-

dependence of ℳ and 𝒦 implies that the hydraulic fracture evolution may show transition from an early 

viscosity-dominated state to toughness-dominated propagation given sufficient amount of time. The 

transition between the two regimes, tmk, can defined as 

 

 𝑡𝑚𝑘 = (
𝐸′13𝜇′5𝑄0

3

𝐾′18 )
1 2⁄

 (9) 

 

Eq. (9) shows that if characteristic experimental time, t=texp<<tmk, the hydraulic fracture propagation is 

viscosity-dominated. If fluid lag is considered, a transitional regime characterising the vanishing fluid 

lag effect, tom, can be defined (Savitski and Detournay, 2002): 

 

 𝑡𝑜𝑚 =
𝐸′2𝜇′

𝜎0
3  (10) 

 

where σ0 is the minimum principal stress or confining pressure. 

Figure 6 illustrates the evolution of a penny-shape hydraulic fracture propagating in an 

impermeable elastic medium assuming zero leak-off. According to that, the triangular space OMK can 

be introduced with the dimensionless parameter 𝒵: 

 

 𝒵 = (
𝑡

𝑡𝑜𝑚
)

1/3
~ 𝜎0 ;  𝒦 = (

𝑡

𝑡𝑚𝑘
)

1/9
~ 𝐾′ (11) 

 

where 𝒵 characterises the effect of minimum principal stress and 𝒦 the effect of toughness on vanishing 

fluid lag. The triangle illustrates the evolution of a penny-shape hydraulic fracture based on Detournay 

(2016) where the propagation regimes evolve from the small-time O-vertex (large fluid lag, 𝒵 = 𝒦=0) 
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over intermediate-time M-vertex (vanishing fluid lag in viscosity regime, 𝒵 > 0 and 𝒦 → 0) to large-

time K-vertex (zero fluid lag in toughness regime, 𝒵 → ∞ and 𝒦 → ∞). The transition between the 

vertices is determined by the trajectory parameter, φ=tom/tmk. If fluid lag can be neglected, i.e., t>>tom, 

the triangle reduces to MK-edge only, and the regimes evolve from viscosity-dominated (M-vertex) to 

toughness-dominated (K-vertex) fracture propagation with the time scale tmk only. 

Here several notes must be made. First, if both storage and leak-off effects must be additionally 

considered in the hydraulic fracture growth, the parametric spaces OMK including storage and �̃��̃�𝐾 

including leak-off can be introduced. A detailed overview over the solutions for all parametric spaces is 

given by Detournay (2016). Second, besides these parametric spaces, another time scale can be also 

applied for early time processes associated with fluid and pumping system compressibility and 

phenomena involving interaction of the crack with the wellbore. Furthermore, at laboratory scale, an 

additional time scale is associated with the finite lengths of rock specimens meaning that at some point 

in time the fracture has no space to extend (Bunger et al., 2005). 
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Figure 6: Generalised temporal evolution of a hydraulic fracture. a: The parametric space OMK with the three vertices 
represent the small-time (O), intermediate-time (M), and large-time (K) similarity solutions for a penny-shaped hydraulic 

fracture propagating in an impermeable elastic medium. The evolution of the fracture from the O- to the K-vertex depends on 

the trajectory parameter φ=tom/tmk. The two sketches illustrate a hydraulic fracture near the O-vertex with large fluid lag (b) 

and along the MK-edge with zero fluid lag (c). Q0: constant injection rate, σ0: minimum principal stress, Pf, fluid pressure, 

w: fracture opening, Rf: fluid-front radius, R: fracture radius, λ=R-Rf, fluid lag, r: radial coordinate, 𝒦: dimensionless 

toughness, 𝒵: dimensionless far-field stress. Modified from Detournay (2016) and Wong (2018).   

1.4 Hydraulic fracturing models and numerical simulators 

Between the 1950s and 1980s, the classic models have been designed to predict the geometry of the 

induced hydraulic fracture, such as the Kristianovich-Geertsma-de Klerk (KGD) model (Geertsma and 

De Klerk, 1969), the Perkins-Kern-Nordgren (PKN) model (Nordgren, 1972), radial or penny crack 

model (Savitski and Detournay, 2002)  as well as the pseudo 3D model (P3D, Cleary, 1980) and planar 

3D model (PL3D, Siebrits and Peirce, 2002). Table 1 summarises the key assumptions and the fracture 

shape cross section of the classical hydraulic fracturing models and its features. 

An important common feature of these models is that rock deformation is calculated directly by 

solving the elastic equation relating the fracture width to fluid pressure instead of time discretization 
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techniques (Chen et al., 2021). This reduces the complexity of numerical computation, and the 

computational costs as well. However, the main limitation of these classical models is that the hydraulic 

fracture is restricted to propagate along a planar plane. Furthermore, the incorporation of natural 

fractures is limited. Therefore, the need for simulating more realistic and more complex hydraulic 

fracturing treatments lead to the development of various advanced numerical methods, referred to as 

modern models. 

Table 1: Overview of classic hydraulic fracturing models based on Chen et al. (2021) and Cottrell et al. (2013). 

Model Major limiting 

assumptions on 

geometry 

Fracture 

shape cross 

section 

Features References 

Penny or 

radial 

crack 

Propagation in a 

given plane; 

symmetrical to the 

wellbore 

Circular 3D fracture 

geometry and 

1D fluid flow 

Bunger and Detournay (2005); Geertsma and 

de Klerk (1969); Savitski and Detournay (2002)  

KGD Fixed fracture 

height; plane strain 

in horizontal 

direction 

Rectangular 2D fracture 

geometry and 

1D fluid flow 

Carbonell et al. (1999); Geertsma and De Klerk 

(1969); Khristianovic and Zheltov (1955); 

Lecampion and Detournay (2007) 

PKN Fixed fracture 

height; plane strain 

in vertical direction 

Elliptical 3D fracture 

geometry and 

1D fluid flow 

Detournay et al. (1990); Nordgren (1972); Perkins 

and Kern (1961) 

Cell-

based or 

lumped 

P3D 

Plane strain in 

vertical direction 

Elliptical 3D fracture 

geometry and 

1D fluid flow 

Cleary (1980); Cleary et al. (1983); Cleary and 

Fonseca (1992); Meyer (1989) 

PL3D Fix meshing of 

hydraulic fracture 

Rectangular 3D fracture 

geometry and 

2D fluid flow 

Clifton and Abou-Sayed (1979); Clifton and Abou-

Sayed (1981); Ouyang et al. (1997); Siebrits and 

Peirce (2002) 

 

In the past several decades, modern hydraulic fracturing models have been developed. These 

simulate the complex propagation of hydraulic fractures with rigorous governing equations and 

numerical methods. These are commonly categorised as continuum-based models including finite 

element (FEM), finite difference (FDM) and phase field models (PFM), discontinuum-based methods 

including discrete element method (DEM) as well as hybrid continuum/discontinuum-based methods 

including finite-discrete element method (FDEM). Although these models capture the complexity of 

hydraulic fracture growth, two important aspects are commonly ignored in these. First, hydraulic 

fracturing models are practically limited to a given length scale. Second, the rigorous and complex 3D 

models are computationally expensive, which limits usability for treatment design (Chen et al., 2021). 

A comparison of numerical models is provided in Table 2. 
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Apart from the classic and modern hydraulic fracturing simulators discussed above, several 

numerical tools have been developed by the petroleum industry in the past decades. Chen et al. (2021) 

provide a review of available commercial software for hydraulic fracturing design. They point out that 

these are based on classic hydraulic fracturing models. This is explained by the time of release when 

PKN, KGD and PL3D models were developed, and the reasonable trade-off between the accuracy of 

fracture geometry and computational costs. Furthermore, these can provide real-time analysis of fracture 

growth and leak-off. The effect of natural fractures, if available, is simulated using the discrete fracture 

network (DFN) approach with significant simplifications on geometry and/or interaction mechanism. 

Furthermore, these tools have straightforward calibration workflow against injection pressure record 

and microseismic events. We note that numerous commercial hydraulic fracturing simulators are 

available, however, in this thesis, the focus lies on the most widely used tools and on those relevant for 

the thesis. These include Elfen, FracMan, FracPro, GOHFER and XSite. Their features are compared in 

Table 3 including numerical model, incorporation of multiple hydraulic fractures, leak-off, natural 

fractures as well as handling of microseismic event input and providing synthetic microseismic output. 

Table 3: Overview of capabilities of selected commercial software for hydraulic fracturing treatment design. Note that HF 

represents hydraulic fracture and MS represents microseismic events (modified from Chen et al. (2021)). 

Software Numerical 

Method 

Multiple HFs Leak-off Natural 

fractures 

MS Input Synthetic 

MS 

Output 

Elfen FDEM + + + + + 

FracMan FEM+DFN + + + + + 

FracPro P3D and PL3D + + - + - 

GOHFER PL3D + + - + - 

XSite FDEM + + + - + 

1.5 Evaluation and selection of numerical approach 

In the previous chapter, several numerical methods are reviewed that are capable of solving coupled 

hydrogeological and geomechanical processes, and have been widely applied to numerous reservoir 

engineering problems. Based on that, an evaluation was undertaken to explore which methods would be 

the most suitable for simulating deep fluid injection into hard rock with pre-existing fractures. 

In Table 4, several commercial software is evaluated based on the availability of two- or three-

dimensional simulation, numerical method and solver, fracture growth (failure criterion, failure mode 

and fracture geometry), available coupling as well as hydraulic aperture versus normal stress 

relationship. According to this table, discontinuum or hybrid continuum/discontinuum-based methods 

are best suitable for simulating hydraulic fracture propagation in hard rock mass. Therefore, the primary 

methods for the micro- and mesoscale simulations are Irazu 2D and Particle Flow Code 2D, respectively. 

For the reservoir scale modelling study, the commercial software for hydraulic fracturing FracMan is 
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chosen which combines FEM with DFN method. Thus, it can be used for treatment design, incorporation 

of pre-existing fractures using DFNs, rapid simulation of hydraulic stimulation and can easily handle 

microseismic data as well. 
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1.6 Structure of the thesis 

1.6.1 Overview of publications included as chapters of this thesis 

The cumulative thesis is based on three main publications. All these publications investigate hydraulic 

fracture growth in hard rock at various scales using different numerical tools depending on the studied 

problem. For each study, numerical models are verified against existing data, i.e. laboratory and field 

records. It must be noted that the studies presented in this thesis are organised according to the length 

scale investigated therein, i.e. from laboratory to reservoir scale, and not to their publication date. 

In the first publication (Farkas et al., 2022), several laboratory hydraulic fracturing experiments 

are investigated numerically that were performed on intact cubic Pocheon granite samples from South 

Korea applying different injection protocols. The goal of the laboratory experiments is to test the concept 

of cyclic soft stimulation which may enable sustainable permeability enhancement. The Irazu 2D FDEM 

numerical code, which combines the advantages of finite-element and discrete element methods, is used 

to verify the experiments via simulation of explicitly coupled hydraulic diffusion and fracturing 

processes under bi-axial stress conditions. The novelty of this study is the development of a workflow 

for verifying and investigating microscale hydro-mechanically coupled processes, i.e. mimicking 

hydraulic fractures with lengths of millimetres to centimetres within a mineral assembly. 

In the second publication (Farkas et al., 2019), hydraulic fracturing tests are reported that were 

performed in boreholes located in central Hungary to determine the in-situ stress for a geological site 

investigation. At depth of about 540 m, the recorded pressure versus time curves in mica schist with low 

dip angle foliation (anisotropic rock) show atypical evolution. In order to provide explanation for this 

observation, a series of discrete element computations using the commercial software Particle Flow 

Code 2D are performed. The uniqueness of the investigation is twofold: it summarises the approach to 

verify the field experiments, and it proposes the likely phenomenon of viscous blocking effect acting at 

the area around the borehole. The studied hydraulic fractures have a length of several decimetres, i.e. 

referred to as mesoscale. The workflow presented therein is the improvement of the method reported by 

Yoon et al. (2014). Borehole is defined as a fluid line source and separate hydraulic aperture versus 

normal stress relationship are defined for smooth joints and intact rock mass. 

In the third publication (Farkas et al., 2021), the hydro-mechanical behaviour of fractured 

crystalline rock due to one of the five hydraulic stimulations at the Pohang Enhanced Geothermal site 

in South Korea is studied. The software FracMan is used to simulate fluid pressure perturbation at faults 

of several hundred to kilometre lengths during hydraulic stimulation. In this study, the evolution of 

hydraulic aperture and the extent of overpressure zone are studied. The method is based on the hybrid 

FEM+DFN approach reported by Cottrell et al. (2016), which is extended by transient hydro-mechanical 

coupling mechanism based on Barton et al. (1985). In this macroscale study, workflow for verification 
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against recorded dataset using FracMan is demonstrated for the first time. The length of the studied 

fracture planes are several kilometres long. 

The three main publications of the doctoral thesis with my contributions are summarised below. 

  

Main publication 1: Farkas, M. P., Hofmann, H., Zimmermann, G., Zang, A., Zhuang, L., Kim, 

K. Y., 2022. Numerical investigation of laboratory hydraulic fracturing tests in Pocheon granite. Under 

review at Acta Geotechnica. 

 

Contribution of Márton Pál Farkas: Model conceptualization, laboratory data curation, methodology 

design, numerical formal analysis, visualization, writing original draft. 

 

Main publication 2: Farkas, M. P., Yoon, J., Zang, A., Zimmermann, G., Stephansson, O., Lemon, 

M., Dankó, G., 2019. Effect of foliation and fluid viscosity on hydraulic fracturing tests in mica schists 

investigated using distinct element modeling and field data. Rock Mechanics and Rock Engineering, 

52(2), 555–574. 

 

Contribution of Márton Pál Farkas: Model conceptualization, field data acquisition and curation, 

methodology design, numerical formal analysis, visualization, writing original draft, revised draft and 

editing. 

 

Main publication 3: Farkas, M. P., Hofmann, H., Zimmermann, G., Zang, A., Bethmann, F., Meier, P., 

Cottrell, M., Josephson, N., 2021. Hydromechanical analysis of second hydraulic stimulation at well 

PX-1 in Pohang fractured geothermal reservoir, South Korea, Geothermics 89, 101990. 

  

Contribution of Márton Pál Farkas: Model conceptualization, field data curation, methodology design, 

numerical formal analysis, visualization, writing original draft, revised draft and editing. 

1.6.2 Additional relevant publication 

The third main publication of the thesis (Farkas et al., 2021) is based on the large dataset associated with 

the field application of the cyclic soft stimulation concept at the Pohang EGS site reported by Hofmann 

et al. (2019). The stimulation design was based on available structural geology, geomechanical, logging, 

seismological data as well as previous injection tests. During the field experiments, a seismic real-time 

monitoring and traffic light system were introduced. The hydraulic and seismological field observations, 

including pressure history, microseismic location and magnitude data are used for the verification of the 

numerical model presented in Farkas et al. (2021). Thus, this publication complements the numerical 

modelling study of Farkas et al. 2021. The field operations reported by Hofmann et al. 2019 are not 
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included as a chapter of this thesis, but the hydraulic and seismological field observations of the field 

experiment are discussed in Chapter 3. 

 

Additional publication: Hofmann, H., Zimmermann, G., Farkas, M., Huenges, E., Zang, A., 

Leonhardt, M., Kwiatek, G., Martinez-Garzon, P., Bohnhoff, M., Min, K-B., Fokker, P., Westaway, R., 

Bethmann, F., Meier, P., Yoon, K-S., Choi, J-W., Lee, T-J., Kim, K.Y., 2019. First field application of 

cyclic soft stimulation at the Pohang Enhanced Geothermal System site in Korea. Geophysical Journal 

International, 217(2), 926-949.  

 

Contribution of Márton Pál Farkas: providing assistance in the following tasks: injection experiment 

conceptualization, hydraulic well test methodology design, field hydraulic data curation; visualization: 

preparation of Figure 1: Map showing Pohang EGS project location, surface geology and inferred 

surface faults. 
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Chapter 2 Objectives and research questions 

In this chapter, the overarching research questions (RQ) are outlined that form the structure of the 

cumulative doctoral thesis. The first two questions address fundamental coupled fracturing processes: 

RQ1 focuses on fracture initiation and propagation due to fluid injection, and RQ2 covers phenomena 

related to coupling between mechanical and hydraulic processes as well as scale-dependencies. RQ3 

focuses on the methodological and technical challenges of the numerical modelling of hydraulic 

fracturing in hard rock. A joint interpretation of the findings by the research questions are discussed in 

Chapter 6. 

 

Research question 1 

 

How do hydraulic fractures grow in hard rock at various scales? 

 

In the first two main publications of the doctoral thesis, hydraulic fracture initiation, propagation and 

interaction with natural fractures in hard rock at various scales are studied. In microscale publication 1, 

hydraulic fractures of mm-cm length are induced in granite rock samples, and in mesoscale 

publication 2, hydraulic fractures at the scale of dm-m are induced during minifrac tests in mica schist. 

In these modelling studies, the REVs are sufficiently small for capturing fracture initiation phenomena 

and the modelling domain (super-REV) is large enough to capture fracture propagation and interaction 

with pre-existing fractures. Hydraulic fracture growth is modelled via the spatio-temporal evolution of 

microcracks that eventually form a chain which can be considered macroscopic fractures. 

The main difference between the two studies is that in publication 1, hydraulic fractures are 

investigated in quasi-isotropic granitic rock, and in publication 2, the fracturing process is analysed in 

highly anisotropic mica schist. Thus, the detailed understanding of hydraulic fracturing is of great 

importance to control fracture growth in various hard rock types for energy technologies. 

 

Research question 2 

 

Which parameters control hydraulic fracturing and hydro-mechanical coupling?  

 

Fracturing processes are directly and indirectly linked to the response of stimulated rock. These are 

described by various hydro-mechanical coupling formulations which are tested in all main publications. 

The main publications investigate the effect of various rock and hydraulic parameters on the fracturing 

(deformation) and fluid flow responses of the loaded rock via hydraulic aperture versus normal stress 

relationship. Regarding fracturing and deformation processes, at micro- and meso scale (publications 1 

and 2), these are directly studied. At reservoir scale (publication 3), rock deformation is simulated 

indirectly, i.e. without explicit fracture propagation. The integrated discussion of the individual 
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publications can contribute to the reduction of length scale effects (Chapter 1.3.1) by understanding 

parameters controlling hydro-mechanically coupled processes at given scale, such as minimum 

horizontal stress and injection rate. Furthermore, time scale analysis of the experiments can be used for 

comparing the simulation results regarding the key mechanisms governing hydraulic fracture 

propagation. 

 

Research question 3 

 

How can hydraulic fracturing in hard rock be modelled? 

 

Since the beginning of hydraulic fracturing modelling, the main challenge of the simulations lies in the 

prediction of hydraulic fracture growth and related hydraulic processes more realistically. For this 

reason, a verification workflow for calibrating hydro-mechanical models is presented in each main 

publication. This not only enables identifying methodological challenges, but may enable overcoming 

limitations of past hydraulic fracturing models as well. 
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Chapter 3 Microscale publication 1: Grain scale laboratory study 

 

Numerical investigation of laboratory hydraulic fracturing tests in Pocheon granite 

Farkas, M. P., Hofmann, H., Zimmermann, G., Zang, A., Zhuang, L., Kim, K. Y. (2022) 

 

Manuscript is under review at Acta Geotechnica. 
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Numerical investigation of laboratory hydraulic fracturing tests in Pocheon granite 

 

Márton Pál Farkasa,c, Hannes Hofmanna, Günter Zimmermanna, Arno Zangb,c, Li Zhuangd, Kwang Yeom 

Kime 

 

a Section 4.8 Geoenergy, Helmholtz Centre Potsdam GFZ German Research Centre for Geosciences, 

Potsdam, Germany 

b Section 2.6 Seismic Hazard and Risk Dynamics, Helmholtz Centre Potsdam GFZ German Research 

Centre for Geosciences, Potsdam, Germany 

c Institute of Geosciences, University of Potsdam, Potsdam, Germany 

d Korea Institute of Civil Engineering and Building Technology, Goyang, Republic of Korea 

e Department of Energy & Resources Engineering, Korea Maritime & Ocean University, Busan, 

Republic of Korea 

 

Abstract 

This study investigates numerically several hydraulic fracturing experiments that were performed on 

intact cubic Pocheon granite samples applying different injection protocols. The goal of the laboratory 

experiments is to test the concept of cyclic soft stimulation which aims to increase permeability 

sustainably among others. The Irazu 2D numerical code is used to simulate explicitly coupled hydraulic 

diffusion and fracturing processes under bi-axial stress conditions. Using the hybrid finite-discrete 

element modelling approach, we test two injection schemes, constant-rate continuous injection and 

cyclic progressive injection on homogeneous and heterogeneous samples. Our study focuses on the 

connection between the geometry of hydraulic fractures, fracturing mechanisms and the permeability 

increase after injection. The models capture several characteristics of the hydraulic fracturing tests using 

a time-scaling approach. The numerical simulation results show good agreement with the laboratory 

experiments in terms of pressure evolution characteristics and fracture pattern. Based on the simulation 

results, the constant-rate continuous and cyclic progressive injection schemes applied to heterogeneous 

rock sample with pre-existing fractures show the highest hydraulic aperture increase, and thus 

permeability enhancement.  

 

Keywords: Irazu software, fluid injection experiment, laboratory scale simulation, hydro-mechanical 

processes 

 

Highlights: 

• Application of time-scaling approach to FDEM simulation of hydro-mechanical processes 

during fluid injection experiments in crystalline rock sample in the laboratory. 

• Constant-rate continuous injection and cyclic progressive injection schemes are studied in intact 

and fractured rock samples. 
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• Fracturing process during fluid injection is quantified in terms of fracture pattern, failure 

mechanisms, stress field deviation as well as hydraulic aperture. 

• Constant-rate continuous and cyclic progressive injection schemes in heterogeneous rock 

sample with pre-existing fractures show the highest hydraulic aperture fold of increase. Cyclic 

progressive injection in intact samples results in the lowest hydraulic aperture increase. 
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3.1 Introduction 

Hydraulic fracturing is used in several engineering applications, such as increasing production in 

unconventional oil and gas reservoirs, enhancing the permeability of geothermal systems by hydraulic 

stimulation as well as injecting large amounts of waste water (Zang and Stephansson, 2010). Although 

the method is applied routinely, the quantitative characterization of the underlying process is still subject 

of research due to its physical complexity and uncertainties. These include non-linear, complex hydro-

mechanical processes at different spatio-temporal scales (Detournay, 2016). 

One major technological challenge associated with productivity enhancement in geothermal 

reservoirs is the unsolicited induced seismicity. Thus, in the framework of the European Union’s 

Horizon 2020 project DESTRESS, i.e. Demonstration of Soft Stimulation Treatments of Geothermal 

Reservoirs, optimal stimulation techniques were investigated which allow increasing reservoir 

transmissivity, maintaining the productivity while mitigating environmental impacts (Huenges et al., 

2021). 

Zang et al., 2013 introduced the concept of cyclic injection which may allow enhancing 

permeability and reducing the magnitude of seismic events. The concept has been demonstrated 

experimentally at different scales in crystalline rock in the recent years. At field (km) scale, 

demonstration at the Pohang enhanced geothermal system (EGS) site in South Korea is presented by 

Hofmann et al. (2019). At mine (dm) scale, progressive cyclic and pulse stimulation underground tests 

in crystalline rock mass are reported by Zang et al. (2017). The concept has been tested at laboratory 

(cm) scale in South Korean Pocheon granite samples in several studies (e.g. Zhuang et al., 2019; Zhuang 

et al., 2020; Zhuang and Zang, 2021). These studies focus on testing various injection schemes, the 

resulting hydraulic and acoustic emission (AE) responses as well as fracturing characteristics. The 

investigations were conducted on intact samples at constant room temperature and exhibited tensile 

dominated fracturing.  

In order to extend and optimize the testing of the concept, one should gain a better understanding 

of the underlying processes during hydraulic fracturing. For optimization processes, numerical tools are 

used since these allow systematic investigations at relatively low costs compared to laboratory or field 

experiments. However, the modelling of these phenomena, especially at laboratory scale has been 

challenging (Lisjak et al., 2017). Concepts not implemented in the respective code can play a key role 

in the natural hydraulic fracturing process like cohesive crack tip zones as compared with stress 

singularity at crack tips modelled in linear elastic fracture mechanics (LEFM). Deviations from LEFM 

predictions have been reported at the laboratory and field scales in some cases, notably a larger fluid 

pressure and a shorter fracture length (Detournay, 2016). Liu (2021) contributes the additional energy 

dissipation compared with LEFM to the impact of the rough fracture process zone on viscous fluid flow. 

Second, these challenges include extensive computational requirements to reproduce the hydro-

mechanical characteristics during pressurization and fracture propagation at the same time. One 



   

 38 

promising tool to model fluid pressure-induced fracturing processes in porous brittle rocks at laboratory 

scale is the hybrid finite-discrete element method (FDEM) code Irazu 2D (Geomechanica, 2020). 

The goal of this study is to develop a numerical model that enables studying the processes that 

may lead to the observations of the laboratory tests reported in Zhuang et al. (2020). We characterize 

the injection pressure history, the failure mechanisms, the fracture pattern including hydraulic apertures. 

The numerical model can be used to study the effect of different injection schemes on the fracturing 

processes and hydraulic aperture enhancement. Results can be used to make implications for the best 

injection strategy and selecting optimal rock fabric to induce a wide hydraulic fracture network with the 

possible highest hydraulic apertures, referred to as aperture fold of increase, suggested by Hofmann et 

al. (2016). 

The paper is structured as follows. First, we give an overview of the laboratory tests. Second, 

we present the numerical model and the computational implementation of the fluid injection 

experiments. After that, we summarize the results for homogeneous and heterogeneous materials as well 

as for two injection schemes, the conventional constant-rate continuous injection and the novel cyclic 

progressive injection scheme. In the discussion section, we compare the simulation results between the 

modelling cases and against the laboratory experiments. Finally, we make implications for field injection 

strategies and point out the limitations of the numerical model.  

3.2 Overview of laboratory tests 

In this section we briefly summarize the concept, methodology and the key results of the laboratory 

hydraulic fracturing (HF) experiments including the testing conditions, the tested samples as well as 

pre- and post-test measures as reported by Zhuang et al. (2020).  

The laboratory test conditions are summarized in Figure 1. For the experiments a true triaxial 

hydraulic fracturing test setup with cubic specimens is used. The testing apparatus allows a maximum 

applied stress of 10 MPa. The maximum injection pressure allowed by the servo-control hydraulic pump 

is 35 MPa. Possible AE events during the hydraulic fracturing tests are monitored using eight Nano30 

sensors that are directly installed on the corners of the specimens. Two sensors were attached close to 

the corners of each lateral face of the sample, and none on the top or bottom.  

The tested Pocheon granite is prepared as cubic specimen with an edge length of 100 mm. A 

concentric, cylindrical vertical borehole is drilled at the top of the specimen with a diameter of 5 mm 

and length of 70 mm. For details on the mechanical properties of the granite, we refer to Table 1 and 

Zhuang et al. (2019). 

The cubic specimens are subjected to three principal stresses (Figure 1): 6 MPa representing the 

maximum horizontal stress (Sx), 4 MPa in vertical direction as intermediate principal stress (Sz) and 3 

MPa as the minimum horizontal stress (Sy). Consequently, hydraulic fractures open up in the direction 

of minimum horizontal stress, and propagate in the plane spanned out by maximum horizontal stress 

and intermediate vertical stress. 
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In order to test the concept of cyclic soft stimulation, several different injection schemes were 

used in Zhuang et al. (2020). Among these tests, hydraulic fracturing tests denoted as “CCI1” and 

“CPI3” are the subject of this paper as these experiments are used for creating the reference numerical 

model. In the “CCI1” experiment (Figure 2a), water is injected at 100 mm3/s (10-7 m3/s) flow rate for 65 

seconds until shut-in. Due to injection, pressure in the borehole increases until a peak level is reached 

known as the formation breakdown pressure (FBP). At this point a hydraulic fracture is induced which 

is followed by a pressure drop. The injection pressure decreased from the peak value of approx. 15 MPa 

to 10 MPa, interpreted as the pressure required for propagating the HF, the fracture propagation pressure 

(FPP). As the pumping is stopped, the pressure decreases from the FPP to the initial, static level of 0 

MPa. AE time clusters were first detected before and after observing the FBP. The maximum AE 

amplitude of 84 dB was detected about 5 seconds after reaching the peak pressure (not shown in Figure 

2a). More AE clusters were observed during the shut-in period. The recorded injection pressure and 

cumulative number of acoustic emission events are shown in Figure 2a. 

For the cyclic progressive injection case “CPI3” (Figure 2b), injection rates are increased 

stepwise from 20 to 100 mm3/s (“high” rate) with fixed injection rate of 10 mm3/s (“low rate”) between 

these steps. Based on the AE activity and pressure evolution, a hydraulic fracture is generated between 

the injection steps of 70 and 80 mm3/s. However, the maximum AE amplitude of 74 dB was observed 

ahead of these steps, at the 50 mm3/s step, before the failure inferred from the injection pressure curve 

(not shown in Figure 2b). 

 

Figure 1: Schematic illustration of the laboratory hydraulic fracturing test and the horizontal cross-section representing the 

2D numerical modelling domain where hydraulic fracture (HF) propagates (modified from Zhuang et al., 2020). 
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Figure 2: Injection pressure record (blue) with flow rate (grey) and cumulative number of acoustic emission events before 

(green) and after (red) breakdown during (a) constant injection rate test “CCI1” and (b) cyclic progressive injection rate 

test “CPI3” (modified from Zhuang et al., 2020)  

3.3 Numerical Model 

3.3.1 Irazu 2D Code 

In this study, we use Irazu 2D version 4.0 (Geomechanica, 2020) that allows simulating hydro-

mechanically coupled processes in low-porosity rock samples using discrete, triangular elements. In this 

section, the principles of the numerical code are briefly presented based on Geomechanica (2020) and 



   

 41 

Lisjak et al. (2017). Since laboratory experiments were conducted at constant room temperature, thermal 

effects are not considered and solely hydro-mechanically coupled processes are simulated. 

As for the mechanical part of the simulation, the discrete bodies can deform elastically, translate, 

rotate, interact, and fracture upon satisfying a given fracture criterion, hence producing new discrete 

bodies. The newly generated elements can further move, interact, deform, and crack. The code uses a 

combination of Finite Element Method (FEM) to calculate the deformation and to assess the failure 

criterion for fracturing and Discrete Element Method (DEM) for detecting new contacts and realizing 

translation, rotation, and interaction of discrete bodies. The method is referred to as Finite-Discrete 

Element Method (FDEM). 

In the simulation loop, first connected triangular elements are identified for the mechanical 

calculations. Then, the nodal forces associated with interaction, deformation, and fracturing, due to 

internal or external loading are calculated. Using these forces, the equation of motion is integrated to 

update the new nodal coordinates. This loop is repeated until a pre-defined number of mechanical time 

integration steps. 

The generation and propagation of explicit fractures are simulated in Irazu using the theory of 

nonlinear fracture mechanics (NLFM) (Barenblatt, 1962; Dugdale, 1960). According to this concept, at 

the tip of a crack, an area characterized by non-linear behaviour, called the fracture process zone (FPZ), 

begins to form (Zang et al., 2000). In brittle rock materials, the FPZ is affected by interlocking and 

microcracking. In Irazu, an analogous FPZ behaviour is simulated ahead of crack tips subjected to 

loading. The load carrying capacity of the FPZ is approximated by triangular cohesive crack elements. 

Whether process zone cracks are mode I, mode II or mixed mode, depends on the boundary conditions 

of fracture growth (Lisjak et al., 2017). 

The constitutive behaviour of a crack element is defined in terms of the evolution of the bonding 

stresses. The relative displacement in the normal direction, o, depends on the effective normal stress, σ, 

and that in the tangential direction, s, is the function of shear stress, τ (Figure 3). 

Under Mode I loading (Figure 3a), the failure of a crack element is a function of its tensile 

strength, ft, and the Mode I fracture energy, GI. The dependence of ft on GI is implemented as a heuristic 

function defined below. At Mode I loading, the accumulating stress is calculated as: 

 𝜎 = [
2𝑜

𝑜𝑝
− (

𝑜

𝑜𝑝
)

2

] 𝑓𝑡 (1) 

 𝑜𝑝 =
2ℎ𝑓𝑡

𝑝𝑓
 (2) 

where, op is the peak crack element opening, h is the edge length of the triangular element and pf is the 

fracture penalty. Under Mode II loading (Figure 3b), the constitutive response is governed by the shear 

strength, fs, and the Mode II fracture energy, GII. The dependence of fs on GII is implemented as a 

heuristic function defined below. At Mode II loading, the accumulating stress is calculated as: 
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 𝜏 = [
2𝑠

𝑠𝑝
− (

𝑠

𝑠𝑝
)

2

] 𝑓𝑠 (3) 

 𝑠𝑝 =
2ℎ𝑓𝑠

𝑝𝑓
 (4) 

where, sp is the peak crack element slip. The shear strength, fs, is defined in terms of the Mohr-Coulomb 

failure criterion: 

 𝑓𝑠 = 𝐶 + 𝜎𝑛 tan 𝜑 (5) 

where, C is the cohesion, σn is the normal stress acting across the crack element and φ is the internal 

friction angle. 

The softening behavior, i.e. post-peak gradual reduction of σ and τ, acting on crack elements are 

governed by the general form proposed by Munjiza et al. (1999): 

 σ = 𝑓(𝐷)𝑓𝑡  (6) 

 τ = 𝑓(𝐷)𝑓𝑠 (7) 

where f(D) is a heuristic function approximating the shape of the experimental stress-displacement 

curves of Evans and Marathe (1968): 

 𝑓(𝐷) = [1 −
𝑎+𝑏−1

𝑎+𝑏
𝑒

𝐷
𝑎+𝑐𝑏

(𝑎+𝑏)(1−𝑎−𝑏)] [𝑎(1 − 𝐷) + 𝑏(1 − 𝐷)𝑐] (8) 

where, a=0.63, b=1.8 and c=6.0 are empirical curve fitting parameters, and D is the damage coefficient 

with a value between 0 for intact and 1 for damaged crack element. The value of D for a given crack 

element is defined as depending on the mode of displacement. For mode I displacement, D is calculated 

as 

 Mode I: 𝐷 =
𝑜−𝑜𝑝

𝑜𝑟−𝑜𝑝
 (9) 

 𝑜𝑟 = 𝑜𝑝 +
3𝐺𝐼

𝑓𝑡
 (10) 

where, or is the residual crack element opening. 

For mode II displacement, D is defined as 

 Mode II: 𝐷 =
𝑠−𝑠𝑝

𝑠𝑟−𝑠𝑝
 (11) 

 𝑠𝑟 = 𝑠𝑝 +
3𝐺𝐼𝐼

𝑓𝑠
 (12) 

where, sr is the residual crack element slip. Based on this analogy, the residual shear strength of a crack 

element, fr, is calculated as 

 𝑓𝑟 = 𝜎𝑛 tan 𝜑𝑟 (13) 

where, φr is the residual friction angle. 

For mixed Mode I-II fracturing (Figure 3c), an elliptical coupling relationship is employed 

between crack opening and slip: 

 Mode I-II: 𝐷 = √(
𝑜−𝑜𝑝

𝑜𝑟−𝑜𝑝
)

2

+ (
𝑠−𝑠𝑝

𝑠𝑟−𝑠𝑝
)

2

 (14) 



   

 43 

There are two rate-dependent phenomena implemented in Irazu. The first one is related to the 

viscous damping formulation: viscous damping tensor is computed based on the strain rate tensor of an 

element. Since quasi-static process with critical viscous damping is modelled (viscous damping factor 

is equal to one in Table 1), thus its effect can be neglected. The second one is the strain-rate dependency 

that emerges from fracturing simulations. Even though the fracture model itself does not have any rate 

dependency, it can be shown that in general the emergent strength of the rock increases with higher 

loading/strain rate (Tatone and Grasselli, 2015). 

For more details on the implementation of the mechanical processes, the reader is referred to 

Geomechanica (2020). 

 

Figure 3: Numerical constitutive behaviour of the crack elements. (a) Normal bonding stress versus crack opening for pure 

compressive/tensile loading and failure (Mode I); (b) shear bonding stress versus crack slip for pure shear loading and 

failure (Mode II); (c) elliptical coupling relationship between fracture opening and slip for mixed-Mode fracturing. Arrows 

denote loading, unloading, and reloading paths. The area under the curves in (a) and (b) is defined by GI and GII, 

respectively (modified from Lisjak et al., 2017). 

The hydraulic part of the simulation employs a hydraulic solver which assumes that fluid flows 

through a channel network generated from the same triangular mesh used for the mechanical calculations 

(Figure 4a). The channels are defined at the interfaces of connected triangular finite elements. These 

flow channels connect virtual cavities or pores corresponding to the nodes of the original triangular 
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mesh (blue dots in Figure 4a). Each cavity behaves as a fluid reservoir with uniform pressure and 

volume. 

 

Figure 47: Computational framework adopted in the fluid flow solver using finite element mesh. Initial hydraulic aperture, a i, 

are assigned to virtual cavities. (a): network of rectangular flow channels connecting two virtual cavities before rock 
deformation. (b): illustration of hydro-mechanical coupling in terms of linearly-varying hydraulic aperture at two end-points 

of the flow channel, a0 and a1 due to mechanical deformation, o0 and o1 (modified from Geomechanica, 2020). 

The volume of the jth flow channel is defined as 

𝑉𝑗 = 𝐿𝑗
𝑎0+𝑎1

2
      (15) 

where Lj is the length of the flow channel, and a0, and a1 are the hydraulic apertures at two end-points 

of the channel (Figure 4b). 

Fluid volume is stored at cavity, Vc, that is derived from the volume of the surrounding flow 

channels as 

𝑉𝑐 = ∑
𝑉𝑗

2𝑗       (16) 

The explicit formulation of fluid flow allows straightforward coupling with the mechanical 

solver and parallelization. During each hydraulic time step, the following main steps are sequentially 

performed: 

1. Channel hydraulic aperture and cavity volume are computed; 

2. Darcy’s law and parallel-plate flow model at each channel are applied; 

3. The hydraulic continuity equation at each cavity is applied; and 

4. Fluid pressure field is calculated. 

During the last step, the fluid pressure in a cavity is determined by considering the change in 

pressure using a linear fluid compressibility model: 
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𝑃𝑡 = 𝑃𝑡−1 + 𝐾𝑓
∆𝑚

𝜌𝑓𝑉𝑡
     (17) 

where Pt and Pt-1 are the fluid pressure at time step t and t-1, respectively, Vt is the cavity volume at time 

step t, Δm is the change in fluid mass, Kf is the fluid bulk modulus and ρf is the fluid density. 

The hydro-mechanical coupling is realized via a two-way explicit coupling approach, i.e. 

alternation between the mechanical and the hydraulic solvers while stepping forward in time (Figure 

5a). Consequently, the mechanical calculations are affected by inter-element fluid pressure; and the flow 

calculations are affected by the variation of hydraulic aperture between finite elements due to the rock 

deformation and fracturing process. 

 

Figure 5: (a) Explicit two-way hydro-mechanical coupling in the Irazu 2D model. (b) Relationship between hydraulic 

aperture and normal stress acting across the flow channel. Hydraulic aperture parameters are threshold (at), initial (ai) and 

residual aperture (ar) (modified from Geomechanica, 2020). 

Figure 5b illustrates the hydraulic aperture as a function of effective normal stress acting on the 

flow channel. The hydraulic aperture is assumed to have lower (residual) and upper bounds (threshold), 

ar and at, beyond which additional mechanical closing (compression) and opening (tension) have no 

effect. A linear relationship between aperture and normal stress is implemented. These definitions are 

applied for the sake of calculation simplicity. The initial hydraulic aperture, ai, represents the aperture 

before any mechanical deformation (Geomechanica, 2020). 

Two time-discretization schemes are defined in the Irazu 2D code to maintain numerical 

stability during mechanical and hydraulic time-stepping. The coupling frequencies are defined in terms 

of the number of mechanical and hydraulic time steps for which each solver is run before switching to 

the other one. 

Stability of the mechanical solver is controlled by the mechanical time step size for the 

integration of equations of motion of the discretized system. We refer to Lisjak et al., 2017 for more 

details on the time marching approach of the explicit time integration scheme. The stability of the 

hydraulic solver is secured by controlling the size of the hydraulic time step (Δth) as (Geomechanica, 

2020), 

∆𝑡ℎ ≤ 𝑚𝑖𝑛𝑐 (
𝑉𝑐

𝐾𝑓

𝜌𝑓
∑ (

(𝑎0𝑎1)2

6𝜈𝑓 (𝑎0+𝑎1)L𝑗
)𝑗

) = 𝑚𝑖𝑛𝑐 (
𝑉𝑐

𝐾𝑓

𝜌𝑓
∑ (

1

𝑅𝑗
)𝑗

)   (18) 
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with c and j indexing over all the cavities and flow channels, respectively. Kf is the fluid bulk modulus, 

ρf is fluid density. υf is fluid kinematic viscosity and R is the flow resistance. Since mechanical time step 

is generally smaller than the hydraulic time step (nanoseconds versus milliseconds), thus, computational 

time is governed by the mechanical time step size. For the same reason, 15 mechanical cycles are 

calculated for each hydraulic step. 

3.3.2 Numerical simulation of constant-rate injection test in Pocheon granite sample 

Geometry and boundary conditions 

Pocheon granite rock samples are represented as a set of discrete triangular mesh elements in a horizontal 

cross-section spanned by the minimum and maximum principal stress with a side length of 100 mm. 

The distinct bodies are generated using the Delaunay triangulation method in the open-source mesh 

generation software, Gmsh version 4.4.1. Two mesh generation areas are defined at the center of the 

rectangular modelling domain, where the inner one has an edge length of 60 mm parallel to the y-axis. 

(Figure 6a). In the inner mesh generation domain, the average mesh edge length is 0.75 mm; in the outer 

one, that length is 1.5 mm. The inner, finer mesh aims at capturing hydraulic fracture initiation and fluid 

flow at the center of the model (Figure 6b). The outer, coarse mesh network serves as gradual size 

transition from finer to coarse mesh to maintain calculation times within practical limits. The numerical 

model contains 35614 elements with 17981 nodes. 

Two types of mechanical boundary conditions are defined in the numerical model. First, the 

maximum and minimum principal stresses act perpendicular to the sample boundaries, i.e. Sx=SH=6 

MPa, and Sy=Sh=3 MPa. The stresses are acting upon the boundary elements in the respective directions. 

The second, mechanical boundary condition pins the boundary nodes, i.e. no displacement of those is 

allowed. The combination of the two boundary conditions mimics the 2D section of the true-triaxial 

stress loading conditions and thus allows simplification of the numerical model. 
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Figure 6: (a) Geometry and boundary conditions of the laboratory-scale hydraulic fracturing numerical model. The average 

mesh element size in the refined zone is 0.75 mm, in the outer zone that equals 1.5 mm. (b): illustration of the hydraulic 

fracture along the edges of the triangular mesh elements. 

Material parameters and injection schemes 

Two types of mechanical models and injection schemes are defined resulting in four modelling cases in 

total (Figure 7). The model A is a homogeneous model from a mechanical point of view, and in model 

B a discrete fracture network (DFN) is added. In model B, the DFN is defined as a set of pre-existing 

joints with a length of 2.80 mm, fracture spacing of 1.85 mm as well as orientation of -39°, -11° and 86° 

measured counter-clockwise from the horizontal axis based on measured parameters reported by Park 

(2015). In this paper, joints share the same initial hydraulic properties as the rock mass and zero tensile 

strength is assigned to them. Thus, these joints can only sustain shear stresses characterized by residual 

friction. Consequently, joints are defined to explore shear-slip induced failure in the rock sample. It must 

be noted that no joints are generated in an area of 10 x 10 mm2 around the injection point to enable 

distinction between pure hydraulic fracturing and shear-slip induced failure of pre-existing joints at the 

beginning of the injection. 

As for the injection schemes, in case 1, pumping water at constant flow rate of 100 mm3/s is 

simulated as fluid injection into a single cavity (point) located at the center of the model based on the 

laboratory test “CCI1” reported by Zhuang et al. (2020). The second hydraulic injection scheme is based 

on the concept of cyclic soft stimulation (CSS). A cyclic progressive injection (CPI) scheme is applied 

with an injection rate increased by a given flow rate in each step until a target value of 100 mm3/s is 
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reached based on the laboratory test “CPI3” reported by Zhuang et al. (2020). The duration of each step 

is determined using the approach described below. 

 

Figure 7: Mechanical models (left column) and injection cases (right column) tested in the numerical study. Injection point is 

represented by solid purple circle. 
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Table 1: Material and hydraulic parameters of the numerical model and the Pocheon granite samples. Discrete fracture 

network properties are based on Zhuang et al. (2019) and Park (2015), respectively. The number of laboratory tests are 

indicated as N. 

Type Parameter 
Model 

Value 

Laboratory Average 

Elastic properties 

Density, ρ (kg/m3) 2609 2609 

Young’s modulus, E (Pa) 
5.75 × 

1010 
5.75 × 1010 (N = 5)  

Poisson’s ratio, ν (-) 0.26 0.26 (N = 5) 

Strength properties 

Coefficient of internal friction, φ (-

) 
0.6 - 

Cohesion, C (Pa) 2.5 × 107 - 

Tensile strength, ft (Pa) 
10.5 × 

106 

7.5 × 106 (BTS, 

N=10) 

Mode I fracture energy, GIc (N/m) 0.9 - 

Mode II fracture energy, GIIc 

(N/m) 
9 - 

Mode I fracture toughness, KIc 

(MPa× m1/2) 
- 1.048 (N = 5) 

Discrete fracture network 

properties 

Fracture number, Nf 80 80 

Fracture length, lf (mm) 2.80 2.80 (N = 37) 

Fracture spacing, sf (mm) 1.85 1.85 (N = 104) 

Fracture orientation, θf (°, 

measured counter-clockwise from 

horizontal axis) 

-39, -11, 

86 
- 

Tensile strength, ftr 
0 

(broken) 
- 

Residual coefficient of internal 

friction, φr 
0.5 0.5±0.01 (N = 2) 

Numerical properties 

Viscous damping factor (-) 1  - 

Fracture penalty, pf (Pa) 
5.7 × 

1011 
- 

Normal penalty, pn (Pa × mm) 
5.7 × 

1011 
- 

Tangential penalty, pt (Pa/mm) 
5.7 × 

1011 
- 

Hydraulic properties 

Fluid kinematic viscosity, υf (m
2/s) 10-6 10-6 

Bulk modulus, Kf (Pa) 2.2 × 109 2.2 × 109 

Fluid density, ρf (kg/m3) 1000 1000 

Permeability (m2) 10-17 10-17 (N = 1) 

Porosity (%) 0.66 0.66 (N = 1) 

Residual channel aperture, ar (m) 3.3 × 10-6 - 

Initial channel aperture, ai (m) 3.3 × 10-6 - 

Threshold channel aperture, at (m) 3.3 × 10-5 - 
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The modelling time scale of the base case numerical model, A1, is determined via the laboratory 

scaling approach proposed by Bunger et al. (2005) in order to ensure comparison of numerical models 

against experimental results at reasonable computational costs. According to them, there are several 

time scales during a laboratory hydraulic fracturing experiment that characterize the induction and 

propagation of hydraulic fractures referred to as limiting fracture behaviors (Detournay, 2016). These 

limiting regimes are associated with concurring energy dissipation mechanisms, that is, toughness and 

viscosity, as well as fluid volume conservation, i.e. storage and leak-off. Another time scale can be also 

applied for early time processes associated with fluid and pumping system compressibility and 

phenomena involving interaction of the crack with the wellbore. An additional timescale is associated 

with the finite lengths of experimental specimens meaning that at some point in time the fracture has no 

space to extend. 

Due to practical reasons, we neglect the period linked with early wellbore compressibility and 

fracturing effects. Thus, we focus on the time scale that approximates the duration of the fracturing 

experiment. The estimated maximum time expected for the hydraulic fracturing test, te, can be defined 

using the plain strain modulus, E’, and stress intensity factor, K’ (Bunger et al., 2005): 

 𝑡𝑒 =
𝐻

5
2𝐾′

𝑄0𝐸′  (19) 

 

 𝐾′ = 4 (
2

𝜋
)

1

2
𝐾𝐼𝑐 (20) 

 

 𝐸′ =
𝐸

1−𝜐2 (21) 

where H is the distance to the critical specimen boundary, i.e. where interaction between the induced 

fracture and the specimen is expected, Q0 is the (constant) injection rate, KIc is the mode I (tensional) 

fracture toughness, E is the Young’s modulus, and υ is the Poisson’s ratio. Note that H here equals to 

the sample length since a bi-wing hydraulic fracture is simulated in the numerical model. 

Using the boundary conditions presented above, for injection rate Q0 = 100 mm3/s and mechanical 

parameters listed in Table 1, te gives approx. 1500 ms. This agrees with the recorded characteristics of 

the lab test “CCI1”, where instantaneous pressure drop and associated increased acoustic emission 

activity are observed within few seconds (Figure 2a). Thus, in the homogeneous model and 

heterogeneous model cases with constant-rate continuous injection (CCI), cases A1 and B1, 

respectively, fluid is injected at 100 mm3/s for 2000 ms. 

Based on Detournay (2016), one can calculate the characteristic time scale for given limiting 

regimes, i.e. for toughness- and viscosity-dominated fracture propagation, here referred to as MK- and 

OM-transitions, respectively. For this, we use the parameters listed in Table 1 and te ~ 1500 ms. The 

timescale for the MK-transition is tmk<1 ms and that for OM-transition is tom~1500 ms for this set of 

parameters. Thus, the hydraulic fracture should propagate in the toughness-dominated regime. 
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Consequently, we assume toughness-dominated hydraulic fracture propagation with neglectable leak-

off due to the very low intrinsic permeability of the granite samples. 

The simulated duration of the CPI tests is determined based on the characteristic fracturing time 

of the “CCI” lab test and the step-wise manner of increasing the injection flow rate from lower levels to 

the desired flow rate of 100 mm3/s.  The low steps, as base loading steps, are kept at 1 mm3/s, while the 

high steps are first increased from 2 to 10 in 1 mm3/s incremental steps, then from 10 to 100 mm3/s in 

10 mm3/s increments. Each step lasts for 200 ms. Such scheme ensures keeping the injection pressure 

below the formation breakdown pressure in the initial injection steps. Consequently, modelling cases 

A2 and B2 last for 7000 ms. 

Prior to simulating fluid-injection into the rock sample, the mechanical and hydraulic 

microscopic properties of the numerical model are calibrated following the procedures described in 

Tatone and Grasselli (2015) and Lisjak et al. (2017), respectively.  The mechanical calibration is a trial-

and-error approach where a combination of uniaxial compression and Brazilian tensile strength tests are 

conducted to match the mesh tensile and shear fracture penalty, energy as well as toughness parameters 

against the laboratory elastic and strength parameters. The desired macroscopic permeability is obtained 

by assigning an initial hydraulic aperture to the flow channels (ai) and calibrating it via simple 

permeability test simulations. The calibrated rock material parameters, including elastic, strength and 

hydraulic properties are summarized in Table 1. The cavities are initially saturated to mimic laboratory 

conditions. The treatment begins at the onset of injection and the computation ends at the time of 

injection stop. 

The numerical model parameters give a mechanical time step of 1.7×10−9 s. First, 200,000 

mechanical time steps are repeated to initialize the anisotropic stress field. Since the time scale between 

mechanical and hydraulic processes are different, e.g. nanoseconds versus milliseconds, respectively, 

20 mechanical steps are performed for each hydraulic step in the simulation. Model runtime lasts approx. 

three weeks on a workstation equipped with Intel Xeon CPU E5 processor unit, 128 GB of RAM and 

Nvidia Quadro P4000 GPU using parallel computation. 

We must point out that no fluid-induced microseismicity is modelled. Instead, we directly analyse the 

failure mechanism and the spatial distribution of the microcracks. 

3.4 Results 

3.4.1 Summary of main simulation results 

The four modelling cases and the respective results are summarized in Table 2. In each simulation case, 

the effects of fluid injection on hydro-mechanical fracturing processes is investigated. These processes 

are characterized via the formation breakdown pressure (FBP), the average pressure during fracture 

propagation (fracture propagation pressure, FPP), the maximum hydraulic aperture and the respective 

aperture fold of increase as well as the macroscopic total crack length. The aperture fold of increase is 

the ratio of maximum hydraulic aperture of the microcracks versus the initial crack aperture. Based on 
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the hydraulic calibration procedure described in Lisjak et al. 2017, this corresponds to the permeability 

increase of the rock sample. The effect of injected volume is investigated as well. This is an advantage 

compared to the laboratory experiments, where the injected fluid did not accumulate in the saturated 

sample due to drainage along the sample boundary surfaces (Zhuang et al., 2020). The total crack length 

is defined as the temporal sum of microcrack lengths in the sample. 

The presentation of the simulation results is structured in the following way. The points of 

interest are discussed separately for homogeneous and heterogeneous rock samples. For each sample, 

the effect of injection schemes is investigated. First, the evolution of fluid injection pressure and the 

cumulative injected volume at the injection point as well as the cumulative crack length of the rock 

sample are discussed. This is followed by the characterization of the hydraulic fracture initiation and 

propagation as well as its interaction with pre-existing fractures in the case of heterogeneous samples. 

Lastly, elastic stress transfer effects due to direct pore pressure effect and stress transfer across the 

triangular elements are analysed in two ways. In one way, the principal stress trajectories (orientations) 

are compared against the hydraulic fracture pattern and fluid pressure distribution across the sample at 

the end of the simulation. In another way, the principal stress magnitudes and fluid pressure profiles are 

analysed in two directions: in the direction of anticipated hydraulic fracture propagation, i.e. parallel to 

maximum principal stress, denoted as X-axis and perpendicular to that, termed as Y-axis. The two 

profiles intersect at the injection point, and they are studied shortly after hydraulic fracture initiation and 

at the end of simulation. We note that fluid pressure has positive value, while tensional and 

compressional stresses are positive and negative, respectively.
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3.4.2 Investigation of injection schemes on homogeneous samples 

The evolution of fluid injection pressure at the injection point, the cumulative injected volume as well 

as cumulative crack length due to constant-rate continuous injection in homogeneous rock sample are 

shown in Figure 8. In this modelling case A1, the fluid pressure reaches the fracture breakdown pressure 

(FBP) of approx. 15 MPa within milliseconds during the initial pressurization phase. The pressurization 

phase is followed by a pressure drop to 5 MPa after 150 ms (shortly after state “a” in Figure 8). This 

pressure level corresponds to the fracture propagation pressure (FPP) around which the pressure 

undulates until the injection stops at 2000 ms (state “b” in Figure 8). 

The cumulative crack length, here the macroscopic length of the hydraulic fracture evolves 

initially at the same rate as the cumulative injected volume until approx. 800 ms. This is associated with 

the symmetrical propagation of the hydraulic fracture. Due to intrinsic mesh directional effect, 

asymmetric fracture propagation is sustained from this point until 1650 ms. Moreover, the injection 

pressure and the number of cracks remain constant from 1300 ms for 350 ms. This can be explained by 

fluid pressure accumulation within the hydrofrac until fluid pressure is high enough for extension in the 

shorter fracture direction. 

At the end of the simulation, a symmetrical hydraulic fracture of 70 mm is generated after 

injection of 200 mm3 fluid (Figure 8, Figure 9 and Table 2). The aperture fold of increase is 2.4 with a 

maximum hydraulic aperture of 8 µm. 

 

 

Figure 8: Evolution of fluid pressure, cumulative crack length and injected volume at the injection point due to constant-rate 

continuous fluid injection in homogeneous rock sample. Pointers a and b refer to distinct states of the simulation shown in 

Figure 9 and Figure 10. 

The generated fracture pattern, fluid pressure distribution and principal stress directions are 

shown in Figure 9. Due to the homogeneous nature of the rock sample, only microcracks with mode I 

are induced that are oriented parallel to the direction of the maximum principal stress. According to 

Figure 9, the fluid pressure accumulates only in the hydraulic fracture. This is associated with the low 
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permeability of the rock mass which limits leak-off into intact rock. As for the principal stress 

trajectories, the orientation of the maximum principal stress is deviated by 25° around the fracture tips. 

The deviation angle decreases with increasing distance from the hydraulic fracture towards sample 

boundaries in the direction of the minimum principal stress. Around the injection point, the principal 

stress trajectories are rotated back to the directions acting at the sample boundaries. 

The relationship between fracture pattern, fluid pressure distribution and principal stress 

magnitudes for the base case model A1 at two stages of the simulated injection experiment is illustrated 

in Figure 10. Shortly after reaching the FBP, the principal stress magnitudes and fluid pressure 

distribution reveal the extent of newly induced hydraulic fracture (Figure 10a). The minimum and 

maximum principal stresses are both compressive within the hydraulic fracture with a length of 10 mm 

along the X-axis, parallel to the direction of maximum principal stress. At both fracture tips, 

concentration of tensional minimum principal stress is observed preceding the generation of new 

microcracks and so the extension of the hydraulic fracture. Few millimeters away from the fracture tips, 

the magnitudes of the principal stresses agree with the boundary conditions, i.e. i.e. Sx=SH=6 MPa, and 

Sy=Sh=3 MPa. Consequently, both the direct pore pressure effect and the elastic stress transfer are limited 

in this direction. In the Y-axis, parallel to the acting minimum principal stress, elevation of principal 

stresses in compression due to fluid pressure increase is observed. The stress alteration effect 

continuously diminishes with increasing distance from the injection point over 20 mm, which 

corresponds to the double distance of the hydraulic fracture length. Elevated fluid pressure dissipates a 

few mm away from the injection point due to lack of leak-off into the intact rock mass. 

 

Figure 9: Hydraulic fracture pattern (black line), fluid pressure distribution (colour bar) and principal stress trajectories 
(white lines) in the granitic rock sample at the end of constant-rate continuous fluid injection in the homogeneous rock 

sample (Base case model A1). 
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At the end of the fluid injection experiment (Figure 10b), the fluid pressure along the hydraulic 

fracture shows a perturbation around 5 MPa which can be explained by the random orientation of the 

triangular element edges. However, the principal stress magnitudes as well as the minimum principal 

stress concentrations show the symmetrical location of the hydraulic fracture tips. Although the 

hydraulic fracture tips are relatively close to the sample boundaries, the maximum principal stress 

magnitudes are slightly affected there. In the perpendicular direction, however, both principal stress 

magnitudes are elevated along the profile. This is an indication for elastic stress transfer through the 

sample perpendicular to the hydraulic fracture caused by hydraulic fracture opening.
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Figure 11 shows the evolution of fluid injection pressure at the injection point, the cumulative 

injected volume as well as cumulative crack length due to cyclic progressive injection in the same rock 

sample (simulation case A2). The initial pressurization phase is characterized by linear pressure increase 

in the first “low” and “high” injection steps. At the end of first “high” injection step with 2 mm3/s 

injection rate, first crack is initiated at FBP equal to 15.4 MPa. This is followed by moderate pressure 

drop and further pressure increase, which is associated with stress singularity due to loading and 

unloading cycles with low flow-rates and without any significant leak-off into the microcrack and rock 

mass. Thus, the apparent peak pressure is interpreted as unsolicited artefact. Subsequently, pressure 

drops, undulates and sequentially reaches an average FPP of 5.6 MPa at decreasing amplitudes. 

Comparing the fluid pressure evolution against cumulative crack length, it is evident that it takes several 

injection steps to increase the fluid pressure so that new microcracks can be generated (state “a” in 

Figure 11a). The total length of the hydraulic fracture equals 75 mm as a result of fluid injection of 120 

mm3 (state “b” in Figure 11). The resulting aperture fold of increase is 2.1 (Table 2). 

 

Figure 11: Evolution of fluid pressure, cumulative crack length and injected volume at the injection point due to cyclic 

progressive fluid injection in homogeneous rock sample. Pointers a and b refer to distinct states of the simulation shown in 

Figure 12 and Figure 13. 

In Figure 12, the fracture pattern, fluid pressure distribution and principal stress directions at 

the end of simulation case A2 are illustrated. The figure shows that the fluid pressure is limited in the 

asymmetric hydraulic fracture composed of mode I microcracks. The asymmetric nature of the hydraulic 

fracture is associated with the random orientation of the mesh edges. Furthermore, around the fracture 

tips, the orientation of maximum principal stress trajectories is deviated by 25° from that defined at the 

boundaries. As in modelling case A1, the deviation angle decreases with increasing distance from the 

hydraulic fracture tips towards sample boundaries in the direction of the minimum principal stress. 

Interestingly, in contrast to case A1, the minimum principal stress orientations are not altered at the end 

of simulation, which is a hint towards stress orientation redistribution after injection is stopped. 
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Figure 12: Asymmetric hydraulic fracture pattern (black line), fluid pressure distribution (colour bar) and principal stress 

trajectories in the granitic rock sample (white orthogonal lines) at the end of cyclic progressive fluid injection in 

homogeneous rock sample (model case A2). 

As for the extent of elastic stress transfer (Figure 13), at the time of hydraulic fracture initiation 

(Figure 13a), both direct pore pressure and elastic stress effects are concentrated around the injection 

point. At the end of the fluid injection experiment (Figure 13b), the extent of the perturbation of the 

principal stress magnitudes due to elastic stress transfer, i.e. deviation from the magnitudes defined at 

the boundaries shows an asymmetric pattern which is linked to the macroscopic fracture geometry. 
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3.4.3 Investigation of injection schemes on heterogeneous samples 

The fluid injection pressure due to injection at a constant rate of 100 mm3/s into a fractured rock sample 

and the resulting cumulative crack length and injected volume are summarized in Figure 14. In the 

modelling case B1, the FBP of 14.5 MPa is reached within few 10 ms. After that, pressure decreases 

rapidly within few 100 ms to an average FPP level of approx. 6 MPa (state “a” in Figure 14). Pressure 

fluctuates around FPP as the hydraulic fracture extends until the end of the treatment (state “b” in Figure 

14). As for the crack length evolution during the experiment, it increases directly proportional to 

increasing injected volume from the onset of injection until fluctuation of the fluid pressure around 

average FPP begins (state “a” in Figure 14). From that point on, the extension of the growing hydraulic 

fracture requires more fluid, thus the fracture propagation holds sequentially. 

At the end of the simulation, a complex hydraulic fracture composed of microcracks with a total 

length of 162 mm is generated after 200 mm3 of fluid injection (Figure 15). The aperture fold of increase 

is equal to a factor of 6 with a maximum hydraulic aperture of 20 µm. 

 

Figure 14: Evolution of fluid pressure, cumulative crack length and injected volume at the injection point due to constant-

rate continuous fluid injection in a heterogeneous rock sample. Pointers a and b refer to distinct states of the simulation 

shown in Figure 15 and Figure 16. 

In Figure 15, the principal stress trajectories, fluid pressure distribution and the microcrack 

pattern at the end of the injection experiment are shown. First, symmetrical mode I microcracks are 

induced in the intact rock mass around the injection point that are parallel to the direction of the 

maximum principal stress (black elements in Figure 15). As the propagating hydraulic fracture 

approaches the pre-existing joints, those encounter first softening, then failure in mode II, referred to as 

hydro-shearing (light pink and dark purple elements, respectively, in Figure 15). Due to hydraulic 

aperture increase associated with that, the joints are infiltrated and fluid pressure builds up due to 

ongoing injection. As pumping continues, new joints soften and fail as well as new mode I microcracks 

are generated that establish connection between two hydro-sheared joint elements. Mode I microcracks 

are only oriented parallel to the maximum principal stress. Interestingly, mode II fractures have various 
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failure angles, i.e. failure angles that are not associated with optimally oriented for hydro-shearing. This 

can be explained by the fluid pressure build up and the limited leak-off into the rock mass. Since pressure 

accumulation is restricted to the fractured elements, fracture propagation requires less energy towards a 

not optimally oriented pre-existing joint (e.g. parallel to the minimum principal stress) than to induce a 

new mode I microcrack. 

Comparing the distribution of pressurized elements against the location of microcracks, it is 

evident that the generated fractures are not restricted to pressurized regions. Thus, mode II cracks and 

softened elements due to elastic stress transfer are observed. Mode II microcracks are up to 10 mm away 

from the tip of the hydraulic fracture, i.e. farthest pressurized element from the injection point. In the 

case of mode II softened elements these can be as far as several 10 millimeters. 

The complex fracture network has a clear influence on the stress trajectories. At the tips of the hydraulic 

fracture, the minimum stress orientations are diverted by up to 30° and the maximum principal stress 

orientations are slightly deviated. With increasing distance away from the hydraulic fracture tips in the 

direction of the minimum stress, horizontal stress directions show increasing deviation from the 

principal direction as well. Interestingly, around the injection point, where no pre-existing fractures were 

present, both principal stress directions agree with the boundary conditions. Possible explanation for 

this observation is that the high pressurized fracture elements close to the injection point act as free 

surface with principal stresses parallel and perpendicular. 

 

Figure 15: Principal stress trajectories and fluid pressure distribution in the induced hydraulic fracture at the end of 

constant-rate continuous fluid injection in heterogeneous rock sample. Microcracks induced in tension in rock matrix are 
shown as black elements; hydro-sheared pre-existing fractures are dark purple elements as well as softened pre-existing 

fractures are illustrated as light pink elements. Pre-existing discrete fracture network is not shown for enhanced visibility 

(model case B1). 
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Figure 16 summarizes the hydraulic fracture propagation as well as fluid pressure distribution 

and principal stress profiles due to constant-rate continuous injection into heterogeneous rock sample 

(model case B1) at early (a) and later stage of the experiment (b). At the early stage of the injection 

experiment, i.e. shortly after first mode II microcracks are generated during hydraulic fracture 

propagation, an approximately symmetrical fracture pattern is observed with a larger right wing due to 

interconnected joint elements. The symmetrical bi-wing fracture pattern is also apparent in both 

principal stress profiles where the minimum stress concentrations reveal a fracture half-length of 10 mm  

along the X-axis profile from the injection point. 10 mm away from the minimum stress concentrations, 

i.e. fracture tips in both profiles, the principal stresses agree with the magnitudes defined at the 

boundaries. This shows that the elastic stress transfer has a radius of ~20 mm which is about four times 

the hydraulic fracture half length. In contrast to the elastic effects, the direct pore pressure effect is 

limited to the extent of the hydraulic fracture and that is negligible perpendicular to the fracture as a 

result of lack of fluid leak-off into the intact rock mass. 

At the end of the treatment (Figure 16b), the half-distance of the pressurized farthest fracture 

tips is located 25 mm from the injection point parallel to the maximum principal stress. Around the 

fracture tips, elevated minimum stresses are visible in the X-axis profile, which diminishes to the 

pressure level defined at the boundaries within few 10 mm. Perpendicular to the hydraulic fracture, 

around the injection point, the principal stresses are slightly more compressional. Towards the 

boundaries, the maximum principal stress reduces to the level defined at the boundaries, whereas the 

minimum stress remains slightly more compressional, i.e. 4 MPa, at the boundaries.
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Figure 17 exhibits the fluid pressure evolution due to cyclic progressive injection and the 

resulting cumulative crack lengths and injected volume in fractured rock sample (model case B2). Fluid 

pressure shows steady increase until FBP at a value of 15.5 MPa is reached during “high” injection step 

with a flow rate of 4 mm3/s where first crack is generated. Subsequently, pressure increases further until 

22 MPa which is followed by large drop. The apparent peak pressure is associated with unsolicited 

numerical instability, as also observed for modelling case A2. Thus, the peak pressure is interpreted as 

numerical artefact. The pressure drop after reaching artefact is followed by pressure undulation with 

decreasing amplitudes as the propagating hydraulic fracture requires less pressure build up to extend. 

At this stage of the experiment, cumulative crack length and injected volume show similar evolution 

characteristics (state “a” in Figure 17). After the hydraulic fracture reaches pre-existing joints, i.e. from 

the “high” step of 40 mm3/s, extension of the hydraulic fracture requires more fluid pressure due to the 

higher volume of the pressurized system. Thus, hydraulic fracture propagates at an average FPP of 5.8 

MPa until the end of the treatment (state “b” in Figure 17). 

At the end of the simulation, a complex hydraulic fracture composed of microcracks with a total 

length of 96 mm is generated after 120 mm3 of fluid injection (Figure 18). The aperture fold of increase 

is equal to a factor of 6 with a maximum hydraulic aperture of 20 µm. 

 

Figure 17: Evolution of fluid pressure, cumulative crack length and injected volume at the injection point due to cyclic 

progressive fluid injection in heterogeneous rock sample. Pointers a and b refer to distinct states of the simulation shown in 

Figure 18 and Figure 19. 

In Figure 18, the principal stress trajectories, the fluid pressure distribution and the generated 

microcracks are illustrated at the end of the treatment. The complex fracture network is the result of the 

hydraulic fracture induced at the injection point that propagates away parallel to the maximum principal 
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stress and interferes with the pre-existing joints. It is evident in Figure 18 that microcracks are generated 

both due to direct pore pressure, i.e. characterized by pressurized newly induced mode I fractures and 

hydro-sheared pre-existing joints, and as a consequence of elastic stress transfer effect. Interestingly, 

the minimum principal stress orientations are not deviated, however, the maximum principal stress 

trajectories are distorted around the hydraulic fracture tips and away from that perpendicular to the 

hydraulic fracture. Around the injection point, the trajectories agree with the boundary conditions. 

 

Figure 18: Principal stress trajectories and fluid pressure distribution in the induced hydraulic fracture at the end of cyclic 

progressive fluid injection in heterogeneous rock sample. Microcracks induced in tension in rock matrix are shown as black 

lines; hydro-sheared pre-existing fractures are dark purple elements as well as softened pre-existing fractures are illustrated 

as light pink elements. Pre-existing discrete fracture network is not shown for enhanced visibility (model case B2). 

The main hydro-mechanical characteristics of the cyclic progressive injection treatment in 

heterogeneous rock are summarized in Figure 19.  The characteristics, such as the extent of perturbed 

minimum and maximum principal stresses during hydraulic fracture propagation and at the end of 

injection are similar to model case B1. 
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3.5 Discussion 

3.5.1 Comparison of hydro-mechanical indicators due to different injection schemes 

By comparing the hydraulic and mechanical results of the different injection schemes in Table 2, 

following points can be discussed.  

First, the FBP is slightly higher using the CPI scheme, between 0.5 and 1 MPa, regardless of 

rock fabric. Although this agrees with the laboratory experiments of Zhuang et al. (2020), this is in 

contrast to laboratory studies such as Patel et al. (2017) and Kang et al. (2020) where FBP drops with 

number of injection cycles. Considering the laboratory tests of Zhuang et al. (2020), there are mainly 

two reasons for the variation of FBP. First, sample heterogeneity can cause 1-2 MPa variance in BTS; 

and second, limitation in the test equipment that is likely to cause 1-2 MPa error. In the numerical model, 

the discrepancy can be explained by the limited leak-off into rock mass, random properties of pre-

existing fractures, how the fluid volume is injected in the modelled rock sample as well as numerical 

effects. Considering numerical effects, cyclic loading would require more mechanical time steps for a 

given hydraulic time step to enable more effective relaxation, and hence unsolicited stress concentration 

leading to higher FBP and unsolicited apparent peak pressures. However, this would result in impractical 

lengthy computational times. Thus, it can be hypothesized that an improved numerical definition of the 

calculation scheme would result in reduced FBP for both schemes. 

Second, the FPP is interestingly approx. the same in all modelling cases. Thus, that is neither 

influenced by the injection scheme nor the rock fabric. This is even more striking given that the 

pressurized joints have a larger aperture than the intact rock mass and the induced mode I microcracks. 

This is associated with the presence of only mode I microcracks around the injection point that control 

initial FBP and subsequent pressure drop during the injection experiment. 

The comparison of the microcrack patterns, stress magnitude profiles and trajectories merits 

further discussion. 

The fracture patterns in the homogeneous modelling cases (A1 in Figure 10 and A2 in Figure 

13) show that the hydraulic fracture propagation is driven by classical fracture tip lubrication. Thus, at 

the end of the simulation, fluid pressure and the principal stresses are uniform parallel to the direction 

of propagation. Slight variations in fluid pressure are attributed to the irregular orientations of the mesh 

edges that connect virtual pores storing injected fluid. No microcrack is generated ahead of the fracture 

tip or away from the hydraulic fracture, i.e. no fracture process zone (FPZ) develops.  The principal 

stress trajectories at the end of the homogeneous modelling cases (A1 in Figure 9 and A2 in Figure 12) 

show that the perturbation area, where the trajectories are oriented from the boundary condition, is 

around the fracture tip injection points (case A2) which propagates as the hydraulic fracture extends 

(case A1). Thus, at the time scale of the experiment, stress orientation redistribution can be observed 

around the injection point. 
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In contrast to the homogeneous modelling cases, more complex fracture patterns are generated 

in the heterogeneous modelling cases (B1 in Figure 15 and Figure 16 as well as B2 in Figure 18 and 

Figure 19). Initially, hydraulic fracture propagation is analogous to the homogeneous modelling cases, 

A1 and A2, as only mode I microcracks are generated in the intact portion of the heterogeneous rock 

sample. As soon as the propagating hydraulic fracture reaches the jointed rock mass, the main driving 

mechanism becomes the hydraulic pressurization of the jointed elements. These hydro-sheared pre-

existing elements have various orientations regardless of optimal orientation for hydro-shearing. Only 

few mode I microcracks are generated in intact rock that connect two jointed elements. Moreover, joints 

soften and fail as mode II elements away from the tips of the hydraulic fracture. This is an indication 

that a mode II fracture process zone develops instead of mode I FPZ. The most distant softened or 

sheared elements are located 10-15 mm away from the tips with orientation of -39° measured counter-

clockwise from the direction of maximum principal stress. Furthermore, more indirect microcracks are 

generated around the pressurized fracture elements in the CCI scheme than in the CPI scheme. The 

complex fracture pattern including microcracks away from the hydraulic fracture is therefore the result 

of both fracturing due to direct pore effects and indirect elastic stress transfer. Thus, we demonstrate 

that locally the fracture follows the rock fabric (pre-existing fractures) and on a larger scale it follows 

overall the stress field directions.  

The stress magnitude profiles in the heterogeneous cases exhibit asymmetric variation at the 

profile parallel to the fracture propagation, since that propagates rather through the hydro-sheared joints 

with different orientations. In both injection schemes, the stress magnitude profiles show asymmetric 

stress concentrations. This observation agrees with in-plane shear mechanism described in classical 

theory of linear elastic fracture mechanics (Zang and Stephansson, 2010, their Chapter 3). As for the 

principal stress trajectories, those at the end of the heterogeneous modelling cases (B1 in Figure 15 and 

B2 in Figure 17) show that the perturbation area, where the trajectories are oriented from the boundary 

condition, is not only around the fracture tips but around the indirectly hydro-sheared microcracks as 

well. However, analogously to the homogeneous modelling cases, at the time scale of the experiment, 

stress orientation redistribution can be observed around the injection point. 

3.5.2 Comparison of simulation treatments against laboratory experiments 

The simulation cases allow comparing the results with observations from laboratory experiments 

reported by Zhuang et al. (2020).  

First of all, test duration as well as time required for complete fracturing of the sample in the 

lab and the numerical simulation can be compared. As for the laboratory experiments, this can be 

determined indirectly via the evolution of the cumulative recorded AE curves while in the numerical 

model, this is simulated directly. Similarly, the permeability (aperture) fold of increase of the injection 

experiments due to the lab experiments are determined directly from the pressure curves and post-
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fracturing permeability test, whereas, in the numerical model, this is inferred from increase in hydraulic 

apertures. 

In the case of CCI injection scheme with 100 mm3/s injection rate (Figure 2a), the cumulative 

AE evolution indicates fracturing within few seconds, i.e. hydraulic fracture is induced instantaneously 

compared to the time of shut-in at approx. 65 s. Thus, the simulated duration of approx. two seconds for 

cross fracturing of the rock sample agrees with the proposed duration in eq. 19 and in the lab (simulation 

cases A1 in Figure 8 and case B1 in Figure 14). 

For the CPI injection scheme from 20 to 100 mm3/s in 10 mm3/s steps (Figure 2b), the time 

required for complete fracturing of the sample cannot be determined unambiguously. Based on model 

cases A2 and B2, the fracturing of the sample using the CPI injection scheme requires at least seven 

seconds. This is much shorter, and thus, computationally beneficial compared to the laboratory 

experiment, where fracturing of the sample with the same injection scheme requires 250 seconds after 

initial pressurization and before shut-in.  

Second, several hydro-mechanical process indicators can serve as comparison between the 

simulated and laboratory experiments. These include the FBP, the FPP, the comparison of characteristics 

of cumulative AE with simulated crack length curves as well as permeability increase (aperture fold of 

increase). 

The reported FBP for CCI injection scheme with injection rates of 100 mm3/s is approx. 15 MPa 

which agrees with the simulated one. The reported FPP, however, is higher than the simulated one, i.e. 

10 MPa versus 5.6 MPa (average FBPs of cases A1 and B1 in Table 2). Another possible explanation 

can be the lack of installed packers in the borehole, resulting in a hydraulic fracture with a height smaller 

than the length of the open hole section. Since the fluid-filled hydraulic fracture in the laboratory sample 

cross-cuts the sample as FBP is recorded, the higher FPP is likely associated with boundary effects in 

the laboratory. Similar observation is reported by Parisio (2020), where fluid is injected at cubic granitic 

rock samples and such experiment is modelled using numerical code OpenGeoSys.  

The simulated FBP for the CPI injection scheme shows good agreement with that reported in 

Zhuang et al. (2020). Considering the heterogeneity of the laboratory samples, and mesh sensitivity, the 

difference is insignificant. Thus, the larger FBP for the CPI injection scheme compared to CCI shows 

good agreement with the laboratory experiments and the simulation results. The FPP cannot be 

unambiguously determined for the laboratory experiments. Thus, no direct comparison is possible. 

As for the characteristics of the AE curves, in the case of CCI injection scheme, the instantaneous rise 

of the cumulative AE curve stops and remains flat until shut-in as shown in Figure 2a. As discussed 

above, this is a hint towards rapid hydraulic fracture generation that reaches sample boundaries. 

Therefore, this evolution agrees with that of the cumulative crack length of numerical model cases A1 

and B1 as shown in Figure 8 and Figure 14, respectively.  

The simulated permeability increment of the injection tests show that higher aperture fold of 

increase can be reached via using the CPI injection scheme compared to CCI, i.e. approx. 6 versus 2. 
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However, in the lab, the injectivity increase for the CPI scheme and the maximum hydraulic aperture 

are lower than that for CCI. We can explain this discrepancy in that fracture aperture measured after 

cyclic injection in the lab is smaller compared with the maximum value during fracture propagation, i.e. 

during injection. This is due to fracture closure after injection is stopped. 

3.5.3 Implications for EGS field injection strategies 

The simulation results allow making implications for field injection strategies regarding natural and 

engineering factors for developing an optimal fracture network for EGS utilization. The natural factors 

considered here are the fracture pattern, stress field, and driving mechanisms of crack generation. 

Regarding the driving failure mechanisms, here we discuss the proposed phenomena underlying field-

scale seismicity which is referred to either as induced or triggered (Ellsworth et al., 2019). Although the 

analysis of microseismicity is not the subject of this study, the hydraulic and mechanical controlling 

factors on the spatial extent of microcrack generation from the injection point can be discussed. The 

discussed engineering factor is the injection scheme. 

A complex fracture network is a prerequisite for potential good hydraulic and thermal 

performance of an EGS system. Hofmann et al. (2016) demonstrate that this is more favorable compared 

to the presence of a dominant single fracture path. Apart from that, hard and brittle rock with low 

permeability, a complex pre-existing fracture network with at least two intersecting natural fracture sets 

and with sets characterized by favorable orientation to the in-situ stress field are favorable. Our 

numerical results confirm that heterogeneous models (model cases B1 and B2) not only show agreement 

with these properties of hard and brittle rock but these models also exhibit higher maximum hydraulic 

apertures. Therefore, heterogeneous models imply potentially better hydraulic conductivity, compared 

to the homogeneous modelling cases (model cases A1 and A2) where single hydraulic fracture path with 

lower hydraulic aperture dominates the failure mechanism. Moreover, the heterogeneous models can be 

used in a future study to test their thermal performance as well. For field scale application, it is inferred 

that pre-fractured and heterogeneous formations lead to more complex fracture growth. 

Considering the changes in stress field discussed in Section 3.5.1, the magnitude changes 

observed in the principal stress profiles show that the shearing of pre-existing fractures exerts additional 

compressive stress in the direction normal to the fracture as proposed by Warpinski and Branagan 

(1989). Thus, the numerical models demonstrate stress shadow effect as a result of both propagation of 

newly induced fracture and hydro-shearing of discrete fracture elements. This changes the local stress 

magnitudes and orientations around the injection point and the stimulated area. Consequently, if in one 

well a frac is generated which alters the stress field at a relatively close location, hydraulic fracture can 

propagate irrespective of local SHmax direction.  Similar behavior has been demonstrated in laboratory 

and numerical experiments recently by Abe et al. (2021) and Abe and Horne (2021).  

Regarding direct pore pressure effect and elastic stress transfer, the numerical model can be 

used for making implications towards hydro-mechanical controlling mechanisms during injection. The 
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modelling results reveal that the microcrack generation is dominated by direct pore pressure effect. 

Fracturing due to elastic stressing occurs only in the heterogeneous model cases and those fractures are 

generated close to the directly pressurized fractures. However, such indirectly induced cracks are 

observed ahead of directly pressurized pre-existing microcracks. This demonstrates that a rupture front 

propagates faster than the fluid pressure front as shown by Bhattacharya and Viesca (2019). The directly 

reactivated fractures are mainly aligned close to the direction of the maximum principal stress direction, 

i.e. -11° measured counter-clockwise from the horizontal axis, whereas the indirectly reactivated ones 

are oriented at an angle of -39° from the same direction. The various orientations of the reactivated 

fractures are the consequence of an interplay of stress alteration and rotation effects. As a result, the 

factors controlling critical stress for hydro-shearing of pre-existing fractures are modified locally.  

Injection scheme, i.e. flow rate, duration as well as injected volume are significant engineering 

factors of stimulation strategies, apart from rock mass properties. Our numerical investigations show 

that with the right strategy permeability can be increased by more than factor five if naturally fractured 

rock is stimulated instead of intact rock. However, this self-propping mechanism is not maintained if 

the injection is stopped. This leads to apparently lower maximum hydraulic aperture and aperture fold 

of increase in the CPI case as reported in the post-fracturing laboratory injectivity experiments (Table 

2).  

Lastly, it must be noted that, although thermal effects are not considered in this study, they may 

influence the hydro-mechanical properties of rock, especially rock strength properties and permeability 

(Jiang et al., 2018; Li et al., 2021), and are worth future experimental research. 

3.5.4 Numerical limitations 

The limitations of the numerical experiments are the consequence of the algorithmic solutions used to 

simulate the hydro-mechanical processes described in this paper. The explicit temporal integration 

scheme solving the motion and flow equations in the mechanical and hydraulic solver, respectively, are 

well suited for non-linear, dynamic problems. However, in order to avoid numerical instabilities, 

sufficiently small integration time steps for both solvers must be defined. That requires setting a trade-

off between the number of mesh elements, mesh size as well as upper limit of hydraulic aperture 

according to eq. 18. Therefore, a sub-mm scale simulation of the hydro-mechanical processes underlying 

laboratory fluid-injection experiments can only be conducted using the time scaling approach of the 

fracturing processes proposed by Bunger et al. (2005). Otherwise, the attempt to match the injection 

time in simulation with that of an experiment is practically impossible. The same limitation has been 

reported in numerical studies where explicit time-integration scheme is adopted for hydro-mechanically 

coupled simulations, e.g. Bai et al. (2020) and Kong et al. (2021). 

Another deficiency of the approach is that the induced hydraulic fracture does not fully reach 

the draining sample boundaries for the sake of numerical stability. Hence, the injected fluid volume 

accumulates within the interconnected fracture elements. Since the rock matrix elements have very low 
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permeability, the fluid is trapped in the fractured elements. Consequently, fluid cannot leak into the rock 

matrix or out of the sample along the boundaries, therefore, no pressure drop is observed during shut-in 

or reduced injection rate periods in the numerical model as compared to the laboratory experiments. 

Moreover, microcracks can only propagate along the mesh edges mimicking intergranular 

fracturing, i.e. cracking along mineral grain boundaries. In the laboratory, both intragranular, where 

mineral grains are cut through, and intergranular fracturing occur during fluid injection into granitic 

rock samples (Zhuang et al., 2020; Zhuang and Zang, 2021). Furthermore, this unintentionally leads to 

asymmetric hydraulic fracture propagation in the case of CPI injection schemes regardless of rock fabric 

(Figure 13 and Figure 18). These may be solved by introducing a set of closed-loop polygons. The loop 

segments can be defined as joint elements that encompass several intact mesh elements representing the 

inner part of distinct mineral grains. An example for application of this approach is demonstrated by 

Yoon et al. (2018), where blocky structures are simulated using discrete element modelling technique. 

3.6 Conclusions 

In this paper, we report on numerical simulation of laboratory fluid-injection experiments of Pocheon 

granite under two injection schemes and rock sample representations. The hydro-mechanical processes 

during the experiments are investigated. The research outcomes are summarized as follows: 

1. The hybrid finite-discrete element simulation of pressurization and fracturing periods of 

laboratory fluid injection experiments can provide insights into hydro-mechanically coupled 

fracturing processes at reasonable computational costs using a time-scaling approach. 

2. Stress rotation effect and elevated compressional stresses are observed around the fracture tips 

where elements are not infiltrated. This indirect elastic stress transfer leads to microcrack 

generation around the propagating tips of the macroscopic hydraulic fracture in heterogeneous 

samples. In these samples, the microcracks are located in an “off-fault” damage zone 

approximately perpendicular to the direction of hydraulic fracture propagation. 

3. Constant-rate continuous injection and cyclic progressive injection schemes in heterogeneous 

rock sample with pre-existing fractures shows the highest hydraulic aperture increase compared 

to intact samples. Our numerical investigations show that hydraulic aperture can be increased 

by more than factor five if naturally fractured rock is stimulated instead of intact rock until shut-

in. However, laboratory experiments show higher aperture fold of increase, consequently 

permeability enhancement after constant-rate injection. This shows that the self-proppant 

mechanism of cyclic progressive injection is not sustained if injection is stopped.  

4. The least aperture fold of increase is produced by the same cyclic progressive injection scheme 

into homogeneous rock sample where the aperture increase is approx. factor two. This 

observation highlights the need and the potential for adjusted injection schemes for different 

geological conditions in order to optimize hydraulic stimulation treatments. 
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5. The numerical simulation results show good agreement with the laboratory experiments in terms 

of pressure evolution characteristics and fracture pattern.  Furthermore, rock fabric has a 

significant on the simulated aperture fold of increase, and consequently on permeability 

increase. On the other hand, hydraulic fracture geometry is influenced by mineral grains in the 

laboratory experiments. Therefore, future numerical model should incorporate grain strength 

for improved simulations. Furthermore, the lack of explicit wellbore model and limited leak-off 

into the intact rock mass hinders simulation of coupled hydro-mechanical processes during early 

pressurization and shut-in periods, respectively. 
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Abstract 

Several hydraulic fracturing tests were performed in boreholes located in central Hungary in order to 

determine the in-situ stress for a geological site investigation. At a depth of about 540 meters, the 

observed pressure versus time curves in mica schist with low dip angle foliation show atypical pressure 

versus time results. After each pressurization cycle, the fracture breakdown pressure in the first 

fracturing cycle is lower than the refracturing or reopening pressure in the subsequent pressurizations. 

It is assumed that the viscosity of the drilling mud and observed foliation of the mica schist have a 

significant influence on the pressure values. In order to study this problem, numerical modelling was 

performed using the distinct element code PFC (Particle Flow Code), which has been proven to be a 

valuable tool to investigate rock engineering problems such as hydraulic fracturing. The two-

dimensional version of the code applied in this study can simulate hydro-mechanically coupled fluid 

flow in crystalline rock with low porosity and pre-existing fractures. In this study, the effect of foliation 

angle and fluid viscosity on the peak pressure is tested. The atypical characteristics of the pressure 

behavior are interpreted so that mud with higher viscosity penetrates the sub-horizontal foliation plane, 

blocks the plane of weakness and makes the partly opened fracture tight and increase the pore pressure 

which decreases slowly with time. We see this viscous blocking effect as one explanation for the 

observed increase in fracture reopening pressure in subsequent pressurization cycles. 

 

Keywords 

Hydraulic fracturing; Stress measurement; Particle Flow Code; Hydro-mechanical coupling; Micro 

cracking; Viscous blocking 
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4.1 Introduction 

The knowledge of the current stress state is essential for underground construction and stability. To 

determine the in situ state of stress at a given site is a challenging task (Stephansson and Zang, 2012). 

In particular, stress magnitudes play a key role in calibration of geomechanical models for the safety 

assessment of underground or surface site such as nuclear waste repository or nuclear power plant 

(NPP). The measured in-situ stress field contributes to the assessment of tectonic evolution and any 

potential fault slip. A fault slip may jeopardize the long term stability of the facilities. Therefore, such 

assessments must consider the ranges of stress magnitudes and orientation at different depths to 

determine   tectonic regimes and their stability. 

Hydraulic fracturing (HF) is the most widely used in-situ stress measurement technique that 

enables estimating stress magnitudes and orientation at various depths over relatively large rock volume, 

i.e. 0.5 to 50 m3 (Amadei and Stephansson, 1997). The suggested HF test procedure by Haimson and 

Cornet (2003) and Zang and Stephansson (2010) is summarized as follows. 

The suggested method assumes a borehole drilled parallel to a principal stress direction 

(typically vertical) and requires the identification of rock formations to be tested using extracted cores 

and/or borehole images. The selection of test intervals for HF aims at avoiding fractures or other 

structural features. The test interval is sealed off by inflating straddle packers at the selected depth, 

generally by pumping water. 

The test interval is first pressurized to assess the performance of the packers and to confirm that 

open, conductive fractures are not present (formation integrity test). During the first, breakdown cycle, 

the interval pressure is raised by maintaining a constant, predetermined, flow rate to achieve the peak 

pressure at which the borehole wall fractures, termed as fracture breakdown pressure FBP (Zang and 

Stephansson 2010) within 3 to 5 minutes. Immediately after observing tensile breakdown, the interval 

pressure is shut-in to limit the extent of hydraulic fracture propagation. Interval pressure will decay, 

initially at a higher rate while the newly created hydraulic fracture is still open, and then much slower, 

after the fracture has closed. The pressure decay is monitored for approximately 5 minutes, then released 

to initial, static pressure (termed as venting or flow back). The pressure at which the fracture closes is 

termed shut-in pressure (SIP). The pressure measured immediately after the shut-in operation started is 

referred to as instantaneous shut-in pressure (ISIP). 

Once the interval pressure returns to the static pressure, the interval is pressurized at the same 

flow rate as breakdown cycle to observe the reopening or refracturing pressure of the newly created 

hydraulic fracture (RFP).  The flow is maintained for several minutes to observe the fracture propagation 

pressure, followed by shut-in.  The pressure decay is monitored to identify the shut-in pressure.  

Reopening cycles can be conducted two or three times in order to establish consistent fracture reopening 

and shut-in pressure. 
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After the reopening cycle(s), a step-rate or jacking pressurization cycle can be conducted to 

confirm the RFP under controlled conditions. The pressure in the interval is first brought to a very low 

level and maintained constant while the flow rate is measured. Thereafter, the interval pressure is raised 

to a new higher value and again the flow rate is allowed to stabilize at a constant level. This is repeated 

several times, which results in constant pressure levels measured at different flow rates. Once the 

interval pressure exceeds the RFP, the newly created fracture opens, i.e. deviation from linear trend is 

observed on pressure versus flow rate plot. The injection is stopped and the test interval is shut-in for 

pressure decay monitoring. After completion of the test cycles, the packers are deflated and moved to 

the next test interval. 

The fluid pressure required to generate, propagate, sustain and reopen fractures in rock is related 

to the magnitude of the existing stresses. The direction of the in-situ stresses is inferred by observing 

the orientation of the hydraulically induced fractures by comparison of the pre- and post-test (acoustic 

or resistivity) borehole images to determine the presence and orientation of a newly created hydraulic 

fracture. 

Although it is relatively straightforward to measure stress magnitudes using HF (Zang and 

Stephansson 2010, Zoback 2010), pressures determined by this method still suffers from uncertainties 

due to the natural (intrinsic) anisotropy and heterogeneity of the rock mass. Furthermore, uncertainties 

in HF stress measurements are not only related to inherent rock properties but also to measurement 

technique and data analysis (Amadei and Stephansson, 1997). 

It must be noted that methods commonly used for determining the minimum stress – apart from 

traditional hydraulic fracturing – are the leak-off tests (LOT) and extended leak-off tests (xLOT). The 

main difference between HF and LOT/xLOT is that HF is conducted in a section away from the well 

bottom while the latter is normally performed under the casing shoe, typically at the very bottom of the 

drill hole. The difference in geometry between HF and LOT/xLOT is likely to have an influence on the 

determination of the minimum stress (Zang et al., 2012). 

Several field, laboratory and numerical studies have been reported on pressure-time records that 

are unusual and make the interpretation complicated. In the following, we give three examples for 

anomalous breakdown and peak pressure behavior during HF testing. First, early in-situ HF tests in deep 

intervals (up to 1000 m depth) as reported by Healy and Zoback (1988) and Hickman and Zoback (1983) 

show the peak pressure attained in crystalline rock on the first cycle is lower than that attained on 

subsequent cycles. The authors explain the unusual behavior by either fracture formation at the time of 

the packer inflation or low, and varying rock tensile strength. Second, recent HF stress measurements 

in granite and shale on laboratory scale reported by L. Zhou et al. (2016) and Lin et al. (2017), 

respectively, show similar, peak pressure features when increasing injection fluid density and viscosity. 

These observations from laboratory investigations are also supported by results from numerical 

modeling presented by Shimizu et al. (2011) and Zhou J et al. (2016a). 
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In this study, we use recent in-situ HF rock stress measurements in boreholes at depth up to 

1500 m that were conducted by Golder Associates Hungary (Lemon et al., 2016) to assess the stress 

regime as part of a geotechnical and hydrogeological investigation for the Paks II Nuclear Power Plant 

(NPP) Extension Project (Paks II project) in Hungary (ÁKMI, 2016). At several test intervals, in-situ 

HF stress measurements were performed in which recorded pressure – time data exhibit higher RFPs 

than FBP.  

The goal of this study is to better understand processes that can lead to larger reopening fracture 

pressure (RFP) than first breakdown pressure (FBP) as observed in stress measurement data obtained 

in the project. Thus, we performed numerical modelling using the distinct element method and the two-

dimensional Particle Flow Code, PFC2D (Itasca, 2008) to simulate several pumping cycles in three 

different PFC models. 

The paper is structured as follows. In section 4.2, the most relevant characteristics of the Paks 

II NPP Extension Project and the HF rock stress field measurements are summarized. In section 4.3, the 

two-dimensional hydro-mechanically coupled discrete element code and the model geometry are 

reported. In section 4.4, the injection procedure and the breakdown and reopening pressure cycles are 

described. In sections 4.5 and 4.6, results of the PFC modeling are compared with field data, assessed 

and discussed. Finally, the viscous blocking idea is developed for anisotropic rock (mica schist) to 

explain the lowering of peak pressure in subsequent hydraulic testing cycles observed in the field.  

4.2 Hydraulic Fracturing Stress Measurements and Data 

4.2.1  The Paks II Project Testing Program 

The Paks Nuclear Power Plant (NPP) is located south of the town of Paks in central Hungary (Figure 

1). To comply with requirements of the Hungarian Atomic Energy Authority and the International 

Atomic Energy Agency for permitting construction of new power units, referred to as Paks II project, a 

geological investigation was conducted in 2015-2016 (ÁKMI, 2016). In the framework of this project, 

several Hydraulic Fracturing (HF) stress measurements were performed to create a geomechanical 

model of the site (Lemon et al., 2016). The measurements were conducted at 19 intervals in each of four 

boreholes, PAET-26, PAET-27, PAET-29 and PAET-34, drilled for geotechnical and hydrogeological 

investigations. Figure 1 shows the location of the four boreholes tested and Figure 2 summarizes the 

obtained stresses. The target depths of the test zones were selected to assess the in-situ stresses within 

the primary geologic units of the site. Variscan metamorphic basement rocks are intercepted by borehole 

PAET-26, Mesozoic carbonate basement rocks (Jurassic marl and limestone rocks) are intercepted by 

borehole PAET-27 and Miocene dacitic rocks (Mecsek Andesite Formation) intercepted by PAET-29 

and PAET-34. The depth of test intervals varies between 500 and 1500 m. 
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Figure 1: Map of Pre-Cenozoic basement rock in central Hungary, showing mapped faults. The boundary of the study area 

of Paks II project is indicated by black square (60 x 60 km). The map shows the location of boreholes tested excluding PAET-

30 (yellow circles). The Paks Nuclear Power Plant is indicated by green triangle. Rock types: Cyan (color code 10): Lower-

middle Jurassic pelagic, fine siliciclastic rock; pink (color code 23): Variscan metamorphic rock (after ÁKMI, 2016). 

 The testing equipment was provided by Golder Associates Hungary and included the following: 

• Two inflatable packers, arranged for a test interval length of 1.33 meters; 

• High pressure pump for inflating packers and injecting water into the test interval; 

• Inflation line attached to the test tubing;  

• Flow control board, located at surface for controlling water pressure and flow rate of test interval 

and packer pressure; 

• Electronic instrumentation and data acquisition system for monitoring and recording injection 

pressures, flow rates and packer pressures; and 

• Pressure gauge with internal memory, positioned inside the test interval. 

Packer pressure, test interval pressure, and flow rate were continuously monitored and recorded during 

each test. Pre- and post-testing acoustic borehole images (BHTV) were used to determine the location 

and orientation of any newly created fracture. 



   

83 

 

 

Figure. 2: Summary of in-situ stresses measured at 19 intervals in basement rock of boreholes PAET-26, PAET-27, PAET-29 

and PAET-34 for the Geological Research Program for Paks II project in Hungary (after Lemon et al., 2016).  

4.2.2 Results of Hydraulic Fracturing Tests in Borehole PAET-26  

In this paper, we focus on the interpretation of the pressure versus time records of the test results from 

borehole PAET-26 as a representation of the test intervals showing ambiguities in the interpreted FBP 

and RFP. For other test interval results and analysis, the reader is referred to ÁKMI (2016) and Lemon 

et al. (2016). 

Borehole PAET-26 was drilled vertically down to 560 m, with a 4 ¾” casing down to 502 m in 

2015. The tested open hole section is approx. 60 m long with a diameter of 96 mm. The open hole section 

is located in Variscan metamorphic basement rock formation which lies beneath the poorly consolidated 

sedimentary sequence of Upper Pannonian Újfalu and Algyő Formations (Figure 3).  
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Figure 3: Stratigraphy and well construction diagram of borehole PAET-26. 

 

In borehole PAET-26, the rock tested is fresh, strong, dark gray to light gray, mica schist which 

has a W-NW strike and mostly shallow dipping foliation of between 0° and 15° at depth between 500 

to 550 m (Figure 4). Test intervals in crystalline basement rock were selected from sections free of 

natural fractures and relatively limited presence of planes of foliation planes. Prior to testing, the open 

borehole intervals were not flushed by water to prevent wellbore instabilities. Thus, hydraulic fracturing 

could only be performed using drilling mud with a density of 1060–1160 kg/m3. 
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Figure 4: Pre- and post-testing acoustic borehole televiewer (BHTV) logs of the tested Mica Schist rock interval in borehole 

PAET-26 at approx. 540 m depth. Area highlighted in green in center shows the hydrofractured interval which does not show 

any fracture prior to testing. The areas in black below and above the interval show the location of the straddle packers. 
Continuous, blurry areas are results of device effects. No new features are visible in the post-testing images which indicates 

an induced fracture that closed after stimulation or hydraulic fracture propagation in horizontal plane. 

The goal of the pressurization cycles is to provide sufficient data to obtain repeatable values of 

the following pressures from each test interval: 

• Fracture breakdown pressure (FBP), determined from the peak pressure of Cycle 1; 

• Reopening or refracturing pressure (RFP), identified as the variation in pressurization rate of 

Cycle 2 relative to Cycle 1; 

• Derivative shut-in pressure (DPDT), determined by the intersection of tangents on the time 

derivative of pressure plot, which indicate a change in the interval conductivity caused by the 

fracture closure, from cycle 2 and subsequent cycles; and 
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• Jacking pressure (JP), determined by the deviation from linear or laminar flow on the plot of 

pressure against flow rate from a series of jacking or step-rate test steps based on Doe and 

Korbin (1987). 

These pressure values are used to estimate the minimum stress (σ3) exerted perpendicular to the 

fracture face that is opened. The maximum horizontal stress (SHmax) is calculated from the minimum 

horizontal stress (Shmin), the FBP, the RFPs and the tensile strength of the rock (T) using the Hubbert-

Willis equation in Zang and Stephansson (2010): 

 𝑆𝐻𝑚𝑎𝑥 = 3𝑆ℎ𝑚𝑖𝑛 − 𝐹𝐵𝑃 + 𝑇 − 𝑃𝑝, (1) 

where Pp is the pore pressure. The vertical stress, the magnitude of overburden load or lithostatic stress 

(Sv) is accepted to act vertically, parallel to the well orientation, and is calculated from the cumulative 

neutron density profile.  

Three successful HF tests were completed in PAET-26. The complete pressure-time records for 

one of the tested intervals in PAET-26 for depth at 540.33 to 541.66 m are presented in Figure 5a as a 

representation of all conducted measurements in this borehole. The breakdown, refracturing, shut-in and 

jacking pressures and the estimated stresses for this interval are calculated, and summarized in Table 1. 

These show that after an initial interval or formation integrity test (FIT), a breakdown cycle is followed 

by two refracturing cycles and a jacking cycle. The jacking cycle was invalid due to pump malfunction. 

A third refracturing cycle was conducted with an extended pumping period followed by a modified 

jacking cycle and a final, fourth refracturing cycle. 
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Figure 5: a:  Summary plot of interval pressure and flow rate of pressurization cycles at a tested interval at approximately 

540 m depth in borehole PAET-26. The cycles are indicated by numbers with respect to information in Table 1. Black thick 

and thin pressure curves show pressure recorded at the interval and within the packers, respectively. Vertical lines indicate 
the duration of each injection cycle. Flow rate (blue) during injection and flow back are plotted on same positive axis. For 

color interpretation of this figure, the reader is referred to electronic version of this paper (after Lemon et al. 2016). b: 

Summary plot of interval pressure and flow rate of pressurization cycle 1 (Breakdown) and cycle 2 (Refracturing) at a tested 

interval at approximately 540 m depth in borehole PAET-26. Black thick and thin pressure curves show pressure recorded at 
the interval and within the packers, respectively. Thick and dashed vertical lines indicate duration of each cycle and 

operations during testing, respectively. Flow rate (blue) during injection and flow back are plotted on same positive axis. 

Table 1 Summary of HF tests in one tested intervals as a representation for all three in-situ stress measurements in borehole 

PAET-26. Pressures presented are measured at the test interval, which includes the pore pressure. The pressures in bold 

provide confidence in the selected minimum stress (Shmin) value (after Lemon et al., 2016). 

Test interval in borehole 

PAET-26 in Mica Schist* 

Depth: 540.33 - 541.66 m 

Cycle 

number 
Cycle type 

Injected Fluid 

Volume (l) 

Flow 

Back 

Vol-

ume (l) 

Peak Pressure 

(MPa)** 

Shut-in Pres-

sure (MPa) 

Jacking 

Pressure 

(MPa) 

1 Breakdown 6.7 4.9 16.5  - - 

2 Refracturing 6.9 6.5 19.0 16.4 - 

3 Refracturing 8.8 8.3 19.3 17.0 - 

4 Refracturing 25.0 7.5 21.7 17.1 - 

5 Jacking 72.0 6.6 21.1 16.4 16.5 

6 Refracturing 18.6 6.6 20.2 16.4 - 

* Drilling mud viscosity and density: 10 mPa s, 1060–1160 kg/m3  

** Fracture breakdown pressure (FBP), refracturing or reopening pressure (RFP) of respective cycles  

 

The interval tested shows a tensile FBP in Cycle 1 with increasing peak pressures in subsequent 

refracturing cycles to a maximum of 19.3 MPa in Cycle 3 at a flowrate of approximately 4 l/min (Figure 

5b). The shut-in pressure (SIP) of the refracturing cycles as well as the jacking cycle show similar 

fracture closure pressure of approximately 16.4 MPa. The determination of fracture closure pressure 

from cycle 2 using the pressure versus square root time and DPDT plots is illustrated in Figure 6a and 

Figure 6b, respectively. 

Based on these consistent pressures, the minimum principal stress of 16.4 MPa is selected for 

the test interval. Using eq. (1), the estimated maximum principal stress (σ1) equals 29 MPa. The vertical 

stress (Sv) is estimated as 11.6 MPa from neutron density logging. Figure 2 shows that the minimum 
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stresses measured for all three tests in this well are above lithostatic stress, which indicates either thrust 

faulting regime (Sv<Shmin<SHmax) or the test results indicate an intermediate stress (Table 1 and Figure 2). 

Comparison of pre and post-testing acoustic televiewer logs for three tested intervals in PAET-26 does 

not show any newly induced hydraulic fracture (Figure 4), which prohibits assessment of the direction 

of the measured minimum stress.  

The estimated stresses and the lack of presence of induced hydraulic fracture in the post-testing 

borehole image imply that either the fracture closed completely after HF or the newly induced or 

reactivated fracture propagated in the direction of the sub-horizontal foliation plane. 

 

Figure 6: a: Plot of pressure versus square root time showing a SIP of 16.4 MPa for cycle 2 (Refracturing) at a tested 

interval at approximately 540 m depth in borehole PAET-26 (after Lemon et al. 2016). b: Time derivative of pressure 

(DPDT) versus square root time showing a SIP of 16.4 MPa for cycle 2 (Refracturing) at a tested interval at approximately 

540 m depth in borehole PAET-26 (after Lemon et al., 2016). 
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4.3 Numerical Model 

4.3.1 Two-dimensional Particle Flow Code and fluid flow algorithm 

The ITASCA Particle Flow Code (PFC2D) uses an explicit time integration scheme to solve the equations 

of motion for an aggregate of rigid discrete circular particles (Itasca 2008). PFC2D is also referred to as 

the bonded-particle model (BPM) since the contacts between the circular particles are defined through 

so-called parallel bonds and enhanced by cementing material at the contacts with finite thickness (Figure 

7). The integration scheme, that is, the mechanical calculation cycle in PFC2D is a time stepping 

algorithm that iterates between the law of motion applied to each particle and the linear force 

displacement law including fluid induced deformation applied to each contact (Figure 8). The 

geomechanical simulator defines strength at the contacts in terms of Mohr-Coulomb failure criterion 

(Itasca 2012; Labuz and Zang 2012). Due to mechanical loading and loading from fluid pressure, the 

bonds can break in tension (Mode I) or shear (Mode II). For more details, we refer to Potyondy and 

Cundall (2004). 

 

Figure 7: Close-up view of numerical model showing circular particles of different size (average particle radius is 1 mm) 
and pore network model. Flow channels (solid segments at contacts between two particles) are connecting to neighbouring 

domains (pore spaces) bounded by a solid polygon. Black dots at the polygon centres are virtual pores where fluid pressure 

(Pf) is stored. The blue circles around those are proportional to magnitude of stored fluid pressure. The dotted polygon 

shows contributing segments used for calculating domain volume. Arrows are resultant forces applied to the particles 
surrounding the pore spaces due to fluid pressure Pf. Micro cracking due to fluid injection is represented as broken parallel 

bond contacts (dashed line) either in mode I or mode II. A chain of micro cracks builds up a visible macrocrack which can be 

bounded (area between two bold lines). 
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Figure 8: Hydro-mechanical coupling in PFC2D (m: particle mass; a: acceleration; kc: contact stiffness, kb: bond stiffness; 

U: particle overlap). 

The fluid flow algorithm of the hydraulic cycle provides a way to investigate hydraulic treatment 

from a borehole into the host rock. In this study we use the hydro-mechanically coupled code of PFC2D 

developed by Hazzard (2002), Yoon et al. (2014) and Yoon et al. (2017). The algorithm assumes that 

each particle bonded contact corresponds to a flow channel which connects up pore spaces (so-called 

domains) that can store pressure and once a domain is pressurized, it becomes fully saturated (Figure 

7). In this sense poroelasticity is explicitly considered in the applied version of PFC2D. 

We use the experimentally derived relation between hydraulic aperture and normal stress in crystalline 

rock based on Hökmark et al. (2010): 

 𝑒 = 𝑒𝑖𝑛𝑓 + (𝑒0 − 𝑒𝑖𝑛𝑓)𝑒𝑥𝑝(−𝛼𝜎𝑛), (2) 

where einf  denotes the residual hydraulic aperture at infinite normal stress, e0 is hydraulic aperture at 

zero normal stress, σn corresponds to effective normal stress on a flow channel and coefficient α controls 

the rate of aperture decrease with increasing normal stress. We assume that the foliation plane does not 

have asperities that may prevent surface closure. Based on developments by Yoon et al. (2017) the 

PFC2D code uses two different hydraulic aperture (e) versus normal stress (σn) relations. These are 

assigned to particle contacts representing foliation (smooth joint introduced by Mas Ivars et al. 2008) 

and rock matrix (parallel bond). Figure 9 shows that initial hydraulic aperture (e0) in rock matrix (orange) 

is approx. 0.6 µm and 6 µm in foliation (blue) and decreases to 0.1 µm and 1 µm (einf), respectively, 

with increasing normal stress. These values are in good agreement with aperture derived from field 

hydraulic tests (ÁKMI, 2016). Coefficient of decay (α) is set to 0.15 for both foliation and rock matrix 

based on Hökmark et al. (2010). 

Permeability of rock matrix and foliation are defined by hydraulic aperture. The initial hydraulic 

aperture for a given permeability (k) is estimated using the derivation by Hazzard et al. (2002): 

 𝑒0 = √
24𝑘𝜋 ∑ 𝑅2

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

(1−𝑛) ∑ 𝐿𝑝𝑖𝑝𝑒𝑠

3
,  (3) 

where R is the particle radius, n is the mean porosity and L is the pipe (flow channel) length. 
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Figure 9: Hydraulic aperture (e) versus normal stress (σn) of intact rock and foliation plane.  

4.3.2 Model description 

The coupling between hydraulically induced fracture propagation, fluid flow and foliation is studied 

through three rock mass models. The first model contains no foliation, i.e. the material is considered 

homogeneous and isotropic as well as serves as base model (case A in Figure 10). In the second and 

third rock mass models (case B and C in Figure 10), smooth joint contacts are applied to simulate 

foliation. In model B smooth joints are parallel to SH and in model C tilted by 15° clockwise with respect 

to SH. 

Field data presented in Section 4.2 suggest that the induced fracture propagated in the horizontal 

direction (parallel to sub-horizontal foliation) and therefore, 2D vertical sections of 2 m x 2 m are 

generated (Figure 10). The chosen size of the rock model to the volume involved in HF stress 

measurement is an isolated, approx. one-meter-long open hole section. About 15.000 particles are 

generated in the models with the parameters listed in Table 2. Average particle size is about 1 mm, and, 

in agreement with grain size of typical mica schist from the Paks site. 
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Figure 10: Three 2D numerical rock models with the in-situ stress field and idealized fluid front distributions. A: rock model 

without foliation; B: rock model with foliation parallel to orientation of maximum horizontal stress; C: rock model with 

foliation tilted by 15° with respect to maximum horizontal stress (SHmax). Injection point is in open test section created by 
deleting particles between upper and lower packers in the borehole. Injection fluid has a viscosity of 1 mPa s in rock model A 

(blue), and that of 10 mPa s in rock models B and C (cyan).  

Table 2: Parameters used in the bonded-particle numerical modelling with PFC 2D.  

Particle parameters  Units Parallel-bond parameters for rock matrix  Units 

Particle number 15299 - Radius multiplier 1 - 

Young’s modulus 40 GPa Moment contribution factor 1 - 

Normal/shear stiffness ratio 2.5 - Young’s modulus 40 GPa 

Coefficient of friction 0.9 - Normal/shear stiffness ratio 2.5 - 

Minimum radius 0.7 mm Tensile strength 11.5±-1.5 MPa 

Max/min radius ratio 1.5 - Cohesion 26±-2.6 MPa 

Ball density 2630 kg/m3 Angle of internal friction 45 ° 

Parallel-bond parameters for sealing packers  Units Parallel-bond parameters for smooth joints  Units 

Radius multiplier 1 - Normal stiffness 300 GPa/m 

Moment contribution factor 1 - Shear stiffness 30 GPa/m 

Young’s modulus 40 GPa Friction coefficient 0.9 - 

Normal/shear stiffness ratio 2.5 - Dilation angle 3 ° 

Tensile strength 20.5 MPa Tensile strength 3 MPa 

Cohesion 35 MPa Cohesion 0.1 MPa 

Angle of internal friction 45 ° Angle of internal friction 30 ° 

 

The mechanical properties of the host rock is calibrated through a trial-and-error process 

described in Potyondy and Cundall (2004). The rock mass model without foliation is calibrated against 

laboratory data using the rock model described above (Table 3). According to Table 3, the calibrated 

Young’s modulus, Poisson’s ratio and Uniaxial Compressive Strength (UCS) are between measured 

minimum and maximum values, however, the Brazilian Tensile Strength (BTS) is somewhat higher in 
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the rock mass model. This can be associated with the limited capability of PFC2D in complete matching 

of UCS to BTS ratio (Potyondy and Cundall, 2004). On the other hand, the high variability in BTS is 

typical for foliated metamorphic rock, such as gneiss or mica schist (Zang and Berckhemer, 1993).  

Table 3: Geomechanical laboratory data from ÁKMI et al. 2016 and simulation data. 

Parameter  Laboratory data 

(average, min, max) 

Simulated data Units 

Young’s modulus 36.3, 24.7, 59.7 52.9 GPa 

Poisson’s ratio 0.25, 0.18, 0.34  0.24 - 

Uniaxial compressive strength 65.5, 51.5, 98.8  97.3 MPa 

Brazilian tensile strength 4.9; 2.8, 6.4 9.8 MPa 

 

Numerical microparameters in Table 2 are chosen to best resemble foliated mica schist and 

provide reasonable computation time as well. Foliations in this study are implemented as smooth-joints 

model which is a contact model that allows particles to slide past one another without over-riding one 

another (Mas Ivars et al., 2008). A joint is created by assigning this contact model to all contacts between 

particles that lie upon opposite sides of the joint surface. Length and number of joints are arbitrarily 

determined. The generated joint fabric is then overlaid on to the bonded particle assembly. Those particle 

contacts which were assigned with parallel bonds and located along the joint fabric are switched to 

smooth joint contacts and assigned with mechanical properties that are listed in Table 2. The length of 

each segment of joint set (0.2 m) is chosen arbitrarily in order to prevent model boundary effects. The 

rock mass model is pre-conditioned to have a bulk permeability of 10-18 m2 that determines initial 

hydraulic aperture (e0) in both rock matrix and foliation based on eq. (3). 

The chosen parameter value enables maintaining numerical stability, provides reasonable time 

steps and also, hydraulic aperture that shows good agreement with data derived from hydraulic field 

tests (Lemon et al., 2016). The pressure at both pore spaces (domains) connected by this broken contact 

is set to the average of those pressures. Therefore, it is assumed that the two pore spaces that were 

separated before the bond break become one space (Figure 7). 

Figure 10 shows rock mass models A, B and C, in which the open hole interval between the 

packers is created by deleting particles in the center area with a size of 50 cm x 5 cm. Straddle packers 

are modelled as material regions above and below the open hole area by defining lower hydraulic 

aperture (1 nm, that is, impermeable) to prevent leak-off into the packers during injection. Furthermore, 

the particle contacts in the packer are treated stiffer and stronger than those contacts in the rock part to 

prevent fracturing (Table 2). 

The applied in-situ stress field of the rock mass models agrees with the measured in-situ data 

(Section 4.2): the vertical stress (Sv = Szz) equals 15 MPa and the maximum horizontal stress (SHmax = 

Sxx) equals 30 MPa.  
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4.4 Simulation of injection procedure 

Several injection cycles are performed to simulate injection phases and flow back. After injection, shut-

in is simulated by stopping pumping and the interval pressure decreases as fluid leaks-off into stimulated 

rock mass. Since pressure relaxation always requires more time than to create or extend hydraulic 

fracture – especially for fluid with higher viscosity– the time for shut-in periods are set longer, i.e. double 

of that for injection in each model case. It must be noted that injected fluid cannot be removed from the 

borehole model, hence, interval pressure will not decay to zero after any stimulation cycle. The 

simulation ends after the refracturing cycle as the induced hydraulic fracture reaches model boundary. 

Hydraulic fracturing of a given interval in a borehole is modelled as fluid being injected into an 

unpressurized hydraulic domain (Section 4.3.1). This is located at the center of the open borehole section 

as well as the rock mass model, which is represented by particles deleted between the sealing packers. 

Injected fluid may flow from the stimulated central domain to those which are directly connected. 

Figure 10 illustrates how water - with viscosity of η = 1 mPa s - is injected into model A, in 

rock mass without foliation. In model B and model C, drilling mud with viscosity of η =10 mPa s, is 

used for stimulation into rock mass with pre-existing foliation. In all models the injection flow rate is 

set to 3.6 l/min according to the applied flow rate of the field tests (Table 4). 

Hydro-mechanical processes during simulation of injection are studied through spatial-temporal 

monitoring of fluid pressure evolution and micro crack generation process. Micro crack generation due 

to failure at either parallel or smooth joint contacts are observed simultaneously. The chain of micro 

cracks is identified visually as a macrocrack. Micro cracks induced due to fluid injection may be origin 

of pure tension (Mode I) or shearing (Mode II) at either contact type. 

4.5 Modelling results 

Results of numerical simulation of HF into crystalline rock mass are presented as flow rate (Q), injected 

fluid volume (Vinj), interpreted pressures, like fracture breakdown pressure (FBP) and refracturing 

pressure (RFP), type and amount of generated micro cracks as well as field testing data are summarized 

in Table 4. The results are detailed for each rock mass model, i.e. homogeneous rock mass (A), rock 

mass with horizontal foliation (B) and sub-horizontal (C) foliation. 

For each model, general observations based on monitored interval pressure and time-dependent 

number of generated micro cracks for the pressurization cycles are presented first. This is followed by 

analyzing the spatial distribution of micro and macro cracks for each of the models.    
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Table 4 Summary of simulation models and field data as well as generated type and ratio of micro cracks at the end of 

hydraulic fracturing. Q: injection flow rate, Vinj: total injected volume, FBP: fracture breakdown pressure, RFP: refracturing 

or fracture reopening pressure. 

Simulation case Q 

(l/min) 

Vinj 

(l) 

FBP 

(MPa) 

RFP 

(MPa) 

Generated microcrack 

failure type (%)* 

A – homogeneous rock mass, stimulation by wa-

ter injection 
3.6 14.4 24 21.5 pb_n (100); pb_s (0) 

B – horizontally foliated rock mass, stimulation 

by drilling mud injection 
3.6 2.4 17 18.5 

pb_n (71); pb_s (0); 

sj_n (18); sj_s (11) 

C – sub-horizontally foliated rock, stimulation by 

drilling mud injection 
3.6 4.8 30 27 

pb_n (69); pb_s (0); sj_n (9); 

sj_s (22) 

Field data 3.6–3.8 101–102** 16.5 19 - 

* failure types: parallel bond, normal (pb_n), parallel bond, normal (pb_s), smooth joint, normal (sj_n) and smooth joint, shear (sj_s) 

** injected volume: order of magnitude 

4.5.1 Stimulation of homogeneous rock mass model A by water injection 

Interval pressure, flow rate and cumulative number of generated micro crack records of model A are 

presented in Figure 11.  The results show that minor fracturing occurs during the first injection cycle. 

This is reflected by relatively low increase in number of induced micro cracks versus time associated 

with two distinct pressure drops in the order of 1 to 2 MPa. Although pressure drops are observed during 

this stimulation cycle, no characteristic pressure signature of fracture breakdown and subsequent 

fracture propagation is visible in the pressure versus time record. Therefore, the first cycle is interpreted 

as a cycle in which tensile fracture initiates. After shut-in, micro crack generation stops. 

 

Figure 11: Interval pressure, flow rate and cumulative number of micro cracks versus time (dashed) of PFC 2D simulation in 
model A (simulation of homogeneous rock mass by water injection) with identified fracture breakdown pressure FBP and 

reopening pressure RFP. Vertical lines show onset of injection and shut-in phases. Stages A/1 and A/2 show the occurrence 

of fracture breakdown and refracturing, respectively. 

The second injection cycle shows a clear pressure drop and subsequent pressure undulation 

(Figure 11) during continuous flow. This is interpreted as fracture breakdown pressure (FBP) at a peak 

pressure of 24 MPa which is followed by fracture propagation until injection is stopped at 21.5 MPa. 
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After this injection phase, minor micro crack generation can be seen in Figure 11, in contrast to the shut-

in phase of cycle 1. 

The last injection cycle exhibits a peak pressure of 21.5 MPa and short pressure undulation at 

about 21 MPa, (Figure 11). The refracturing pressure (RFP), therefore, is considered to be 21.5 MPa 

which is lower than the FBP and similar to the fracture initiation pressure of the first cycle. The duration 

of the last cycle is shorter as the induced hydraulic fracture reaches model boundary. Few cracks are 

generated during reopening and no cracks are observed during shut-in.  

Figure 12 provides information about the generation of microfractures during pressurization of 

model A with water at two stages, fracture breakdown (A/1) and refracturing (A/2). Stage A/1 in Figure 

12 demonstrates that several micro cracks are induced in tension close to the boundary region between 

the sealing packers, open borehole area and the rock mass. Furthermore, a chain of microscopic tensile 

micro cracks on the right side of the model region builds a macroscopic hydraulic fracture. This is 

extended during the fracturing and refracturing cycles, approx. parallel to the direction of maximum 

principal stress, the maximum horizontal stress (SHmax). The undulation in the hydraulic fracture 

propagation reflects inherent variability in strength of the particles and parallel bond contacts 

representing the rock mass. 

 

Figure 12: Snapshots of micro cracking process in model A (homogeneous rock mass) at time stages A/1 (fracture 

breakdown) and A/2 (refracturing) of the pressure versus time recording presented in Figure11. Stage A/1 shows micro 
cracks induced close to the packers (indicated by black circles) as well as initiation and propagation of hydraulic fracture at 

time stage. At stage A/2, the induced hydraulic fracture reaches model boundary. All particles except for those representing 

straddle packers above and below the open borehole interval (black) are removed for enhanced visibility. The vertical stress 

(Sv) equals 15 MPa and the maximum horizontal stress (SHmax) equals 30 MPa. Micro crack symbols, red: parallel bond 
normal failure, cyan and magenta: smooth joint normal and shear failure, respectively. Foliation planes (smooth joint 

contacts) are shown in grey.  

4.5.2 Mud injection into model B with horizontal foliation 

The interval pressure, flow rate and generated micro crack records for simulation of model B are 

presented in Figure 13. In this model horizontal foliation is parallel to direction of maximum horizontal 

stress and the rock mass is pressurized by drilling mud with a viscosity of 10 mPa s. 
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The first injection cycle in Figure 13 exhibits a first breakdown peak pressure FBP of 17 MPa, 

which is followed by a pressure reduction to 13.5 MPa. Shortly after this pressure drop, the flow is shut-

in. Micro crack generation begins before reaching peak pressure and after shut-in the number of micro 

cracks increases steadily. Based on these observations, the first injection cycle can be interpreted as 

breakdown cycle with a FBP of 17 MPa. 

 

 

Figure 13: Interval pressure, flow rate and cumulative number of generated micro cracks versus time (dashed) for simulation 

of model B (injection of drilling mud in to rock mass with horizontal foliation) with identified fracture breakdown pressure, 

FBP (B/1) from the first cycle and slightly larger reopening or refracturing pressure RFP (B/2) from the second cycle. 

Vertical lines show onset of injection and shut-in phases. 

The pressure versus time record of second stimulation cycle in Figure 13 exhibits a refracturing 

pressure RFP of 19 MPa. Small pressure drop before reaching RFP can be observed as well. Undulating 

pressure of approximately 17-18 MPa following RFP indicates hydraulic fracture propagation that can 

be caused by differences in strength and permeability of the foliation planes in the rock mass. Therefore, 

this cycle is interpreted as refracturing cycle with a RFP of 19 MPa, which is higher than the FBP. After 

shut-in of the refracturing cycle, only relatively small amount of micro cracks are generated. 

Figure 14 gives insight into the generation of microfractures during pressurization of model B 

with mud at two stages, fracture breakdown (B/1) and refracturing (B/2). After the first, breakdown 

cycle, induced micro cracks are observed around the boundary of sealing packers, open borehole area 

and rock mass, as well as partly at the horizontal foliation planes (stage B/1 in Figure 14). The cracks 

are mostly induced in tension. An initiation of a newly induced hydraulic fracture is visible around the 

open borehole area between two foliation planes. After shut-in in refracturing cycle (stage B/2 in Figure 

14), fractures are extended both in the rock mass and foliation planes, parallel to the maximum principal 

stress SHmax. The tensile hydraulic fracture in the rock mass propagates to a greater extent. The foliation 

planes are fractured mostly in tension, a fracturing mechanism which is expected for hydraulic 
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fracturing. Shear micro cracks are also generated, however, their relative smaller portion to tensile micro 

cracks may suggest that the foliation planes are not optimally oriented for hydro-shearing.  

Comparison of interval pressures during cycle 1 and 2 (Figure 13) with micro crack distribution 

(Figure 14) shows that as soon as the mud penetrates the foliation planes, the interval pressure remains 

high. This implies that higher fluid pressure is required to pump the mud into the foliation and to the 

rock mass. This explains the higher RFP compared to the FBP of this stimulation with high viscous 

mud. 

 

 

Figure 14: Snapshots of micro cracking process in simulation case B (stimulation of rock mass with horizontal foliation by 
drilling mud) at 2 points in time, occurrence of fracture breakdown and reopening, near borehole area (stages B/1 and B/2 in 

Figure 13). Stage B/1 shows micro cracks induced close to the packers (indicated by black circles), stimulated foliation 

(indicated by black rectangles) as well as induced hydraulic fracture. Stage B/2 illustrates propagation of hydraulic fracture. 

All particles except for those representing straddle packers above and below the open borehole interval (black) are removed 
for enhanced visibility. The vertical stress (Sv) equals 15 MPa and the maximum horizontal stress (SHmax) equals 30 MPa. 

Micro crack symbols, red: parallel bond normal failure, cyan and magenta: smooth joint normal and shear failure, 

respectively. Foliation planes (smooth joint contacts) are shown in grey.  

4.5.3 Mud injection into model C with slightly inclined foliation 

The interval pressure, flow rate and generated micro crack (dashed) records for model C are summarized 

in Figure 15. In this simulation case the rock mass contains foliation tilted by 15° with respect to 

direction of maximum horizontal stress. Drilling mud is represented as a fluid with viscosity of 10 mPa 

s. 

Figure 15 shows the pressure increase during injection until shut-in and relatively slow pressure 

decay after that of the first injection cycle. The evolution of number of generated micro cracks suggests 

minor fracturing during injection starting at a pressure level of approx. 15 MPa. The crack generation 

process continues at a faster rate throughout the shut-in period of the first cycle. Consequently, the first 

cycle is interpreted as a phase in which tensile fracture initiates at a fracture initiation pressure (FIP) of 

15 MPa that equals the minimum stress in the model which corresponds to the vertical stress, Sv in the 

field. 
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Figure 15: Interval pressure, flow rate and cumulative number of generated micro cracks versus time (dashed) records for 

simulation of model C (mud injection of rock mass with slightly inclined foliation by) with identified fracture breakdown 
pressure, FBP(C/1) and reopening or refracturing pressure RFP(C/2). Vertical lines show onset of injection and shut-in 

phases.  

The second injection cycle initially shows a few minor pressure drops that are followed by 

breakdown FBP (C/1) at 30 MPa and characteristic pressure drop to 23 MPa at shut-in (Figure 15). The 

peak pressure is interpreted as the FBP which is followed by fracture propagation until injection is 

stopped. Therefore, this injection cycle can be considered as breakdown cycle. After the injection phase, 

micro crack generation continues during shut-in. 

The third injection cycle shows a peak pressure at 27 MPa which is interpreted as the RFP (C/2) 

which is slightly lower than the FBP (C/1). Interestingly, more micro fractures are generated during the 

shut-in period than during injection. This can be an artefact due to fracturing close to the model 

boundary. 

Figure 16 provides information about the generation of micro cracks during pressurization of 

model C with mud at two stages, fracture breakdown (C/1) and refracturing (C/2). Micro cracks at stage 

C/1 are induced around the boundary between the sealing packers, open borehole area and rock mass, 

as well as at the sub-horizontal foliation planes. Hence, an initiation of a newly induced, tensile hydraulic 

fracture in the rock mass and stimulated foliations are visible at fracture breakdown stage in Figure 16. 

The micro crack evolution during breakdown and refracturing cycles (stages C/1and C/2 in Figure 16) 

indicate that fractures are extended both in the rock mass and foliation planes, approximately parallel to 

the maximum principal stress SHmax. The tensile hydraulic fracture in the rock mass propagates to a 

greater extent. The foliation planes are fractured in tension as the main stimulation mechanism. Shear 

fracturing, therefore, is not the main fracturing mechanism, since the planes of weakness are not 

optimally oriented for hydro-shearing. 

Comparing Figure 15 to Figure 16, the evolution of fluid pressure suggests that as the mud 

penetrates the foliation planes, the fluid pressure remains high. Higher fluid pressure is required to pump 

the mud into the foliation and, therefore, to reopen and extend the tensile hydraulic fracture at the tip of 
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the foliation. Although pressure build up is partitioned between the domains located at the smooth joint 

and parallel bond contacts, it requires less hydraulic energy to extend the initial tensile hydraulic fracture 

throughout the parallel bond contacts representing the rock mass. This explains the high FBP and RFP 

as well as the lower RFP compared to FBP of this stimulation with high viscous mud. 

 

Figure 16: Snapshots of micro cracking process in simulation case C (stimulation of rock mass with sub-horizontal foliation 

by drilling mud) at 2 points in time, occurrence of fracture breakdown and reopening, near borehole area (stages C/1 and 
C/2 in Figure 15). Stage C/1 shows micro cracks induced close to the packers (indicated by black circle), stimulated foliation 

(indicated by black rectangles) as well as induced hydraulic fracture. Stage C/2 illustrates propagation of hydraulic fracture. 

All particles except for those representing straddle packers above and below the open borehole interval (black) are removed 

for enhanced visibility. The vertical stress (Sv) equals 15 MPa and the maximum horizontal stress (SHmax) equals 30 MPa. 
Micro crack symbols, red: parallel bond normal failure, cyan and magenta: smooth joint normal and shear failure, 

respectively. Foliation planes (smooth joint contacts) are shown in grey.  

4.6 Discussion 

4.6.1 Comparison of simulation results for the three models 

Table 4 shows that the injected volume of fluids during numerical simulation of hydraulic fracturing 

(HF) in models with foliation (model B and C) is about one order of magnitude smaller than that on 

field testing. In case A (simulation of homogeneous rock mass by water injection) the pressure versus 

time record agrees with injected rate and volume recorded on field testing. The lower injected fluid 

volume in the rock models with foliation is the result of using 2D section for the interval in the borehole, 

i.e. the lack of fluid flow in the out-of-plane direction. Consequently, this is a clear limitation of the 2D 

version of the numerical code and should be subject of future development. We should note that field 

data include recorded flow back rate (Figure 5b), however, this is not simulated in present study. This 

is not required, since these data cannot be used for the numerical study as the flow back was interrupted 

to check the sealing condition of the packers. Hence, matching flow rate records from field tests and 

numerical simulation with the 2D version of codes is not relevant. 

The peak pressures, i.e. measured fracture breakdown (FBP) and refracturing pressure (RFP) 

are different for each simulation case. In case A with homogeneous rock mass the FBP is higher than 
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the RFP, i.e. the model shows good agreement with the classical pressure-time record of hydraulic 

fracturing (Figure 11). On the other hand FBP and RFP are somewhat higher than those observed in 

field testing which implies that pre-existing fractures in the numerical rock mass models are required to 

reproduce these pressure values. This is supported by model case B for which the simulated FBP and 

RFP agree with field data (Table 4). Not only the magnitudes show good match, but also the numerical 

code is able to capture the higher RFP for a rock mass with horizontal foliation. 

Interestingly, when simulating model case C with tilted plane of foliation, the RFP is lower than 

the FBP; and both values are higher than that recorded pressure from field testing (Table 4). The higher 

FBP can be explained in a way that the area of tilted foliation planes to be fractured is higher compared 

to the case in which the foliation planes are horizontal, consequently the tilted foliation has larger 

volume for fluid storage. The higher FBP with higher fracture inclination angle agrees with the 

modelling results presented by Lavrov et al. (2016). On the other hand, this might also be related to the 

limitation of the 2D version of the numerical code. Therefore, further investigations are required. 

The peak pressure during the first injection cycle in homogeneous model A and in in model C 

with tilted foliation is not interpreted as FBP although a pressure drop of several MPa is observed, see 

Figure 11 and Figure 15. This is the case for which the fracture initiation around the borehole is affected 

by the strength contrast between the rock mass and the packers. Due to the pressure drop, the injection 

must be stopped to avoid numerical instability. This limitation is overcome by pressure relaxation after 

shut-in which is followed by injection at the same flow rate. 

The results presented in Table 4 and Figure 12 show that only parallel bonds break in simulation 

of model A, which is expected for hydraulic fracturing of homogeneous rock mass. The portion of 

different failure types at parallel bonds and smooth joints for model case B and C suggest (Figure 14 

and Figure 16) that the fracturing processes are different in these models. Although the dominant type 

of fracturing is tensional for a rock mass with foliation, shear micro cracks are also generated. The lower 

number of shear fractures suggest that the foliation planes are not optimally oriented for hydro-shearing. 

Our numerical modelling results show that fracture initiation develop from the stiffness and strength 

contrast between packers in the borehole and the surrounding rock mass. Furthermore, the low tensile 

strength of foliation planes in the rock mass may contribute to this. Consequently, our results confirm 

the results and interpretations of field tests described by Healy and Zoback (1988) and Hickman and 

Zoback (1983). Similar to our findings, they linked the anomalous breakdown pressure to lower tensile 

strength and anisotropy of the rock mass. 

4.6.2 Hypothesis of viscous blocking 

The results of coupled numerical modelling show that orientation of rock foliation with respect to 

direction of major principal stress affects hydraulic fracturing results. The fracture breakdown pressure 

and refracturing pressure seem to be inversely proportional to angle between foliation and maximum in-

situ stress which agrees with the observation made by Lavrov et al. (2016). 
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Considering the results of all simulated models (A, B and C), and the discussion above, the rock 

mass with horizontal foliation (model B) injected by high viscosity mud shows best fit with field data. 

The atypical field observation with higher RFP in the second cycle of pressurization can be explained 

by the injection of high viscous fluid (mud) and existing foliation in the mica schist. First, injected mud 

flows into foliation plane, remains there and blocks the flow. Mud flows into the initial tensile fracture 

induced within a weaker area in the rock mass close to the packer and interval and propagates the 

initiated fracture during the fracturing cycle. Due to the presence of mud in the foliation planes, higher 

RFP is required to reopen the tight foliation planes and to create and to extend fractures in subsequent 

refracturing cycles. However, when the foliation is inclined (model C), the shearing does not provide 

large hydraulic aperture increase to let the viscous mud in, compared to the horizontal foliation. This 

may explain why simulation of injection into tilted foliation with high viscous mud does not explain the 

atypical field data. 

4.7 Conclusions  

In this study, an atypical behavior of hydraulic fracturing tests in low permeable mica schist is 

investigated. The field data from site investigations in Hungary show that the fracture breakdown 

pressure (FBP) is lower than the refracturing pressure (RFP) of the subsequent injection cycles for one 

and the same flow rate. This field observation motivated the application of the Particle Flow Code 

(PFC2D) to study the atypical hydraulic fracturing behavior in a series of two-dimensional models 

subjected to several injection cycles. The effect of foliation and its orientation with respect to the 

direction of maximum horizontal stress and the viscosity of injected fluid (drilling mud) on breakdown 

and refracturing pressures is tested through different rock mass models. 

The modelling results show that homogeneous rock mass that is stimulated by water pressure 

follows the classical principle of hydraulic fracturing with an induced hydraulic fracture that propagates 

parallel to the direction of maximum principal stress. However, the results of the models that are foliated 

parallel to maximum principal stress and stimulated by mud suggest that foliation and high viscosity 

fluid are required to match the field observations. We argue that the drilling mud penetrates the sub-

horizontal foliation plane and makes the opened fracture tight by an effect which is referred to as viscous 

blocking. The process prevents leak-off from the opened hydrofracture that can explain the increased 

RFP in subsequent cycles. On the other hand when the rock mass has dipped foliation and is stimulated 

by mud, the RFP is lower than the FBP. This might be explained by hydroshearing with foliation that is 

not optimally oriented compared to the horizontal foliation. 

The study shows that crack development and progression in cases where foliation is present 

reflects that in-situ stress measurements require further understanding. Therefore, sensitivity of 

orientation, length and strength (stiffness) of foliation as well as stress regime configuration, flow rate, 

fluid density and well orientation must be also tested in a future study. This may contribute to a more 

precise stress determination and analysis method. 
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Abstract 

In this study, we investigate numerically the hydro-mechanical behavior of fractured crystalline rock 

due to one of the five hydraulic stimulations at the Pohang Enhanced Geothermal site in South Korea. 

We use the commercial code FracMan (Golder Associates) that enables studying hydro-mechanical 

coupled processes in fractured media in three dimensions combining the finite element method with a 

discrete fracture network. The software is used to simulate fluid pressure perturbation at fractures during 

hydraulic stimulation. Our numerical simulation shows that pressure history matching can be obtained 

by partitioning the treatment into separate phases. This results in adjusted stress-aperture relationships. 

The evolution of aperture adjustment implies that the stimulation mechanism could be a combination of 

hydraulic fracturing and shearing. The simulated extent of the 0.01 MPa overpressure contour at the end 

of the treatment equals to ∼180 m around the injection point. 

 

Keywords: Enhanced Geothermal System, Pohang geothermal reservoir, hydraulic stimulation, PX-1, 

FracMan 

 

Highlights 

• Coupled hydro-mechanical simulation and characterization of the cyclic soft stimulation in August 

2017 at the Pohang EGS reservoir (second stimulation in well PX-1) is performed. 

• Pressure history match was achieved by splitting the simulated treatment into phases. 

• The permeability is increased through opening of existing fault. 
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• The modeled extent of direct overpressure of 0.01 MPa at the end of the stimulation is approx. 180 m 

from the injection point. 
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5.1 Introduction 

The Enhanced Geothermal System (EGS) technology is in the focus of geothermal energy research due 

to its large economic growth potential (e.g. Rybach, 2014). The target is the heat stored in the deeper 

Earth’s crust at several km depth, which may be utilized for heat and/or electrical power provision. 

Under petrothermal conditions, i.e. rock with low intrinsic permeability, hydraulic stimulation may be 

applied to increase productivity. However, induced seismicity associated with such operations poses a 

potential risk that must be controlled to advance the EGS technology (Zang et al., 2013). Therefore, the 

goal is to create a permeable fracture network for an efficient heat exchanger by injecting fluid with 

induced seismicity below a fixed threshold. 

The concept of cyclic injection with the aim to enhance permeability and to reduce the 

magnitude of large induced seismic events was introduced by Zang et al. (2013). The concept has been 

tested experimentally in recent years at different scales (Hofmann et al., 2018a): at laboratory scale by 

Zhuang et al. (2018) on granitic rock samples and at mine scale by Zang et al. (2017) in crystalline rock 

mass. At field scale, a demonstration is reported by Hofmann et al. (2019) at the Pohang EGS site in 

South Korea. 

The underlying physical mechanism of induced seismicity due to injection of large fluid 

volumes at high pressure, is not yet fully understood. Zang et al. (2014) and Kang et al. (2019) show 

that the key mechanisms behind injection induced earthquakes are pore pressure increase, stress change 

as well as change in coefficient of friction from a view of rock mechanics. The interplay between these 

processes is referred to as hydro-mechanical (HM) coupling. It must be noted that change in coefficient 

of friction may imply the application of Mohr-Coulomb friction model from the view of rock mechanics, 

although other friction models are proposed, such as the rate-and-state friction model by Dieterich 

(1992). Cornet (2016) defines four levels of HM coupling depending on the level of injection pressure 

increase and possible stimulation mechanism. At the first level fluid pressure remains small enough that 

Terzaghi’s effective stresses in the material are compatible with an elastic behavior of the rock mass. 

Therefore, stability criteria are satisfied at all points in the rock mass which may be modeled by linear 

poro-elastic response following Darcy-type fluid flow. At the second level, fracture shear strength is 

reached, i.e. slip on large pre-existing fractures may result in significant micro-earthquakes, which is 

referred to as slip on pre-existing fractures. Hydraulic diffusion is controlled by flow through stimulated 

(reactivated) fractures. For the third level, injection pressures are large enough for effective stresses in 

the rock mass to reach failure conditions for shearing, i.e. hydro-shearing of fresh shear fractures. Fluid 

flow is dominated by flow through newly sheared zone. At the fourth level, the elevated fluid pressure 

in the injection well induces tangential stresses that reach the tensile strength of the rock, i.e. a hydraulic 

fracture is generated (referred to as hydraulic fracturing). 

One may improve the concept of cyclic soft stimulation by using hydro-mechanical coupled 

numerical codes that provide better understanding of the interrelations between stress field, fluid 
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diffusion and fracturing processes (e.g. Yoon et al., 2014). In this study, we use the software FracMan 

7.8 (Golder Associates, 2019) to investigate the relevant coupled processes in detail. The code uses the 

Discrete Fracture Network (DFN) approach that combines continuum and discontinuum geomechanics. 

We study coupled processes during the cyclic soft stimulation treatment performed in August 2017 at 

the Pohang EGS site (reported by Hofmann et al., 2019) to characterize the proposed stimulation 

mechanism of hydro-shearing. The paper first introduces and characterizes the Pohang EGS site. This 

includes a summary of all hydraulic stimulations and a brief description of the magnitude 5.5 Mw 

earthquake in Pohang on 15th November 2017. This is followed by presenting the numerical approach. 

Simulation results are analyzed and discussed, and finally, conclusions are drawn. 

5.2 Pohang EGS project overview 

5.2.1 Background and geology 

The EGS pilot site is located six kilometers north from the centre of Pohang city, in the SE part of South 

Korea (Figure 1). The motivation for site selection was the geothermal gradient in basement rock of at 

least 30 °C/km (Lee et al., 2015). The project was supposed to deliver 1 MW of electrical power by 

creating artificial fluid circulation between two wells (Song et al., 2015). 

 

Figure 1: Aerial satellite image showing the location of the Pohang EGS site in South Korea and the location of the Mw 5.5 

earthquake on 15 November 2017. 

The local geological model is summarized by Lee et al. (2015) and Park et al. (2020). According 

to these, the reservoir is located in the Pohang Basin, which is a sedimentary sub-basin of the Heunghae 

Basin. The Pohang Basin has an extensional structural origin due to oceanic spreading of the Sea of 
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Japan. The basin is bounded on the west by the Yangsan fault which is characterized by post-Eocene 

dextral strike–slip movement (Chough et al., 2000). This regional fault strikes NNE-SSW, passing 

approx. 10 km west of the Pohang site. 

The reservoir rock is fractured Permian granodiorite and granitic gneiss that form the bedrock 

of the Heunghae Basin below 2200 m depth (Figure 3). The basement rock is covered by Cretaceous 

sedimentary rock (sandstones and mudstones) mixed with sequences of tuff and andesite layers, with a 

thickness of 1000 m. The uppermost Tertiary semi-consolidated mudstone shows a varying thickness of 

200 m in the northern part, which increases up to 400 m to the south. The study area is intersected by 

two sets of mapped surface lineaments (Park et al., 2017). One set is oriented NNE-SSW (pink 

lineaments in Figure 1) and is described as a steeply dipping, right-lateral strike-slip branch of the 

regional Yangsan fault (i.e. subparallel to that). The second fault zone, the Heunghae zone, is oriented 

approx. E-W and intersects the other set perpendicularly. The fault set consists of normal faults. There 

is no evidence that these faults extend towards the basement. 

5.2.2 Stress Field 

Several stress models are reported for the Pohang EGS site that are summarized in Table 1, which lists 

the stress magnitudes and the orientation of maximum horizontal stress (SHmax) as well as the ratio of 

maximum horizontal stress to vertical stress (Sv) and stress regime. 

Table 1: Reported stress models for the Pohang EGS reservoir at 4.2 km depth. The stress model used in this study is the one 

reported by Bethmann et al. (2019) (in bold). *: Kim et al., 2017 model is extrapolated to 4.2 km depth. 

Reference SHMax 

orientation 

(°) 

SHMax 

magnitude 

(MPa) 

Sv 

magnitude 

(MPa) 

Shmin 

magnitude 

(MPa) 

SHmax/Sv 

ratio (-) 

Stress Regime 

Bethmann et 

al. (2019), 

"Most Likely 

Stress 

Tensor" 

N100E 133-153 107 98-119 1.2-1.4 Strike-slip/Reverse 

(Transpressional) 

Kim et al. 

(2017), 

“Integrated 

Stress Model” 

* 

N130-136E 138 107 86 1.3 Strike-slip 

Lee et al. 

(2019), 

"Preferred 

Stress Model" 

N77±23E 243 106 120 2.3 Reverse 

Lee et al. 

(2019), 

"Regional 

Stress Model" 

N74E 203 106 93 1.9 Strike-slip 

Park et al. 

(2017) 

N65-130E 115-138 110 81-105 1.0-1.3 Strike-slip 

Westaway and 

Burnside 

(2019) 

N111E 200 110 120 1.8 Reverse 
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The integrated stress model presented by Kim et al. (2017) is derived from hydraulic fracturing 

and borehole breakout data of well EXP-1, which is located approx. 4 km from the Pohang EGS site. 

The integrated in-situ stress measurements at approx. 0.5-1 km depth indicate a SHmax orientation 

between N122 °E and N138 °E in a strike-slip stress regime. It should be noted that comparing deep and 

shallow stress field measurements, significant variations in stress field directions in SE Korea can be 

observed, possibly due to local geological structures (Hofmann et al., 2019). Another stress model 

proposed by Park et al., 2017 is derived from the model reported by Kim et al. (2017), with additional 

support by slip-tendency analyses. The proposed SHmax orientation varies between N65 °E and N130 °E 

in a strike-slip regime. Lee (2019) propose two alternative stress models. The “regional stress model” 

defines strike-slip faulting regime with a SHmax orientation of N74 °E. The other, “preferred stress 

model”, suggests a reverse fault model with the orientation of SHmax N77 ± 23 °E. These models consider 

the previous models, include microseismic locations from hydraulic stimulations (Section 5.2.3) and 

seismicity data (including foreshock and mainshock events) of the 15th November 2017 earthquake event 

in Pohang as well as geodetic analysis. The ratio of maximum horizontal stress to vertical stress (Sv) is 

higher in these models compared to that in Kim et al. (2017) and Park et al. (2017), i.e. 1.9-2.3 to 1.0 to 

1.3. 

The stress model published by Westaway and Burnside (2019) modifies the in-situ stress 

stresses suggested by Lee (2019) using slip-tendency analysis. They conclude a reverse faulting stress 

regime with an orientation of SHmax N111 °E and SHmax/Sv ratio of 1.8. 

The latest stress model is reported by Bethmann et al. (2019), the “most likely stress tensor” for 

the Pohang EGS site. Their analysis includes all previous studies as well, in addition to hydraulic 

stimulation records (see Section 5.2.3) and associated microseismicity locations. They propose a 

transpressional stress regime with an orientation of SHmax N100 °E and SHmax/Sv ratio of 1.2 to 1.4. Given 

the most up-to-date status of the suggested model, we consider the stress field proposed by Bethmann 

et al. (2019) for this numerical study. 

5.2.3 Wells and hydraulic stimulation programs 

The project timeline since launch in December 2010 is illustrated in Figure 2. Two wells were drilled 

for an anticipated doublet system (Figure 3). First, well PX-1 was drilled in 2012 and 2013. This was 

side-tracked in 2016 to a measured depth of 4 362 m and a true vertical depth of 4 215 m, with an 8 ½” 

diameter openhole section of 313 m length at its bottom. This well is completed with a 9 5/8” casing to 

2,400 m depth and a 7” casing from 2,400 m to 3,920 m TVD (4,049 m MD), the remainder being left 

openhole (Figure 3). The well is deviated by 22° towards an azimuth of N71 °W. The vertical well PX-

2 was drilled and completed in 2015 down to 4348 m, with a 7” casing down to 4208 m and a 140 m 

long 8 1/2” openhole section. On the surface the wells are 6 m apart; the distance between the bottoms 

is 616 m. 
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Figure 2: Timeline of the Pohang EGS Project (after Lee et al., 2019). 

 

 

Figure 3: Well completions including injection location (PX-1, 313 m long openhole section from 4,049 m to 4,362 m MD) and 

17-instrument geophone chain (installed in well PX-2, at 1,359 m – 1,519 m MD, to monitor the August 2017 stimulation in 

well PX-1). Depth reference is the rig floor, 26.3 m above sea-level and ∼9 m above surface (modified from Hofmann et al., 

2019). 

Several hydraulic stimulations were conducted to improve the hydraulic performance of the 

system (Lee, 2019, Figure 2). Well PX-2 was stimulated first in January–February 2016 (PX-2 1st, Park 

et al., 2020), later in March–April 2017 (PX-2 2nd) as well as in August-September 2017 (PX-2 3rd). 

Well PX-1 was first stimulated in December 2016 – January 2017 (PX-1 1st, Park et al., 2020) and 

thereafter in August 2017 (PX-1 2nd, Hofmann et al., 2019). 

The fourth stimulation at the Pohang site has been the second in the PX-1 well. The main 

purpose of this stimulation is twofold. One goal was to test the cyclic soft stimulation (CSS) concept in 

the field for the first time described in Hofmann et al. (2018b) with a restricted amount of injected water 

(Hofmann et al., 2019). The second goal was to monitor the reservoir with low magnitude seismic events 

in more detail. The basic idea behind was the option to drill a side track from PX-2 into the activated 

zone documented by the seismic cloud, and to be able to connect both wells for water circulation. To 
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reach this goal, additional equipment like a 17-instrument three component borehole geophones array 

was installed in the PX-2 well between 1350 and 1510 m measured depth (Hofmann et al., 2019). 

The main characteristics of PX-1 2nd stimulation, on which we focus in this study, such as 

wellhead pressure, injection flow rates as well as net volume and seismicity are shown in Figure 4. In 

well PX-2 the maximum wellhead pressure reached 90 MPa during all three stimulations (Lee, 2019). 

Based on slip-tendency analysis reported by Park et al. (2017) and Park et al. (2020) the stimulation 

mechanism is tensile hydraulic fracturing. The stimulations in PX-1, on the other hand, show a lower 

peak wellhead pressure up to 28 MPa, and higher injectivity compared to that in PX-2. The main 

stimulation mechanism is inferred as hydro shearing (slip on pre-existing fracture or fresh shearing) with 

characteristic change in pressure at relatively low wellhead pressures of approx. 16-18 MPa, (Hofmann 

et al., 2019; Park et al., 2020). The local magnitudes of the largest induced seismic events during these 

stimulation treatments in both wells were ML = 2.3 for PX-1 and ML = 3.1 for PX-2 (Lee, 2019). 

 

Figure 4: Overview of well head pressure (WHP), injection rate (Q), injected net volume (Vnet), and moment magnitude Mw of 

induced seismic events during the August 2017 CSS treatment in well PX-1. This treatment can be divided into seven phases: 

(1) Day 1: initial injectivity determination, (2) Day 2: fracture opening pressure determination, (3) Day 3: hydraulic pulse 
tests, (4) Day 4: shut-in, (5) Days 5 through 7: main cyclic soft stimulation treatment, (6) Days 7 through 8: pressure 

reduction due to orange traffic light alert, and (7) complete flow back due to red traffic light alert (modified from Hofmann et 

al., 2019). 

The EGS project was suspended because of a Mw = 5.5 earthquake that occurred close to the 

EGS site on 15th November 2017 (Ellsworth et al., 2019). Possible causal connections between EGS site 

activities and this event are hypothesized. Lee, 2019 argue that the possible relation is a combination of 

induced and triggering mechanism (fluid-injection induced poroelastic stress transfer) along a 

previously unmapped fault. Westaway and Burnside (2019) propose the concept of hydrochemical fault 



   

114 

 

corrosion, which is induced by injection of surface water with different chemical composition compared 

to the reservoir fluid. 

For more information on the Pohang EGS pilot project and the hydraulic stimulation treatments, 

the reader is referred to Hofmann et al. (2019) and Lee (2019). 

5.2.4 Structural interpretation of hydraulic stimulation programs and Mw 5.5 

Pohang earthquake shocks 

Joint interpretation of well test and microseismic data of the hydraulic stimulations is reported by 

Bethmann et al. (2019), who conclude two fault structures (Figure 5). In this paper, the joint 

interpretation includes microseismic locations during hydraulic stimulations and the Mw 5.5 Pohang 

earthquake published in Lee (2019) as well as the interpretation of seismicity during PX-1 2nd 

stimulation in Hofmann et al. (2019). One fault, which is referred to as plane P1, intersects the openhole 

section of well PX-1 at 4068 m measured depth (MD). It is assumed to be the main conductive structure 

as well as the plane for hydro-shearing. The other structure, plane P2, intersects the cased part of well 

PX-2 at approx. 3800 m MD. Characteristic for P1 is that early microseismicity is distributed along or 

close to the plane for both PX-1 stimulations. These events cluster around the injection point in all three 

studies cited above. We note that the 52 events from PX-1 2nd stimulation are not included in Figure 5, 

since these contain large horizontal errors, however their reported clustering feature is unambiguous. 

Furthermore, no PX-1 seismicity is observed SE from the intersection of the two planes or along 

structure P2 (see vertical view from South in Figure 5). The best fit plane P2 based on the PX-2 

stimulations lies between the two wells. In contrast to PX-1 seismicity, PX-2 seismic events are also 

located NW from plane P2 (see top view in Figure 5). The structure contains the hypocenter of the Mw 

5.5 Pohang earthquake. 
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Figure 5: Joint structural interpretation of hydraulic data and microseismic clouds of PX-1 and PX-2 hydraulic stimulations. 

Microseismic locations are color-coded according to hydraulic treatments of respective well and source. Plane P2 contains 

the hypocenter of the Mw 5.5 earthquake on 15th November 2017 (based on Bethmann et al., 2019). 

5.3 Numerical methodology 

5.3.1 Numerical code 

The hydro-mechanical behavior of the stimulated fractures is simulated through an explicit, iterative 

process described below. The coupling concerns the description of stress-aperture relationships 

according to Barton et al. (1985). The empirical equation for estimating the initial mechanical aperture, 

E0, at low stress levels is based on the measured values of joint roughness coefficient (JRC), joint wall 

compressive strength (JCS), and the uniaxial compressive strength of rock (UCS):  

 𝐸0 =
𝐽𝑅𝐶

5
(0.2

𝑈𝐶𝑆

𝐽𝐶𝑆
− 0.1) (1) 

Note that the units are important: E0 must be in mm, UCS and JCS must both be in same units. JRC is 

dimensionless. The change in mechanical aperture (ΔE) with effective normal stress (difference between 

the total normal stress and the pore pressure), σn, is calculated as 

 𝛥𝐸 =
𝜎𝑛𝜅

𝜅𝐾𝑛+𝜎𝑛
 (2) 

where κ is the maximum aperture closure and Kn is the fracture normal stiffness. The residual mechanical 

aperture, E, is provided by the equation: 

 𝐸 = 𝐸0 − 𝛥𝐸 (3) 

Hydraulic or fluid conducting aperture, e, can be estimated from mechanical aperture E and JRC as 
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 𝑒 =
𝐽𝑅𝐶2.5

(
𝐸

𝑒
)

2   (4) 

It must be noted that E and e here are in μm unit. The strength of a fracture or fault is provided by the 

Mohr-Coulomb failure criterion: 

 𝜏 = 𝐶0 + 𝜇𝜎𝑛 (5) 

where τ is the shear strength acting in the plane of fracture surface, C0 is the cohesion of the fracture and 

𝜇 is the coefficient of (internal) friction.  

Rock stress and strain are calculated in rectangular cuboid grid cells. These are calculated using 

Golder’s FracStress package. This code uses a finite element model (FEM) with tetrahedral elements 

with nodes corresponding to the vertices of the grid cells. Each grid cell has material properties that are 

shared by all the tetrahedral elements that make up the cell. FracStress calculates stresses in the grid 

based on (far-field) boundary conditions, material properties, and an induced grid cell strain field.  

The grid cell rock strain (ε) induced by the incremental change of fracture aperture is based on Hooke’s 

one-dimensional elastic stress versus strain relationship: 

 𝜀 =
𝛥𝐸

𝐿

𝐴𝑓

𝐴𝑚𝑎𝑥
 (6) 

Where Af represents fracture element area inside a grid cell volume, Amax is the area of a plane parallel 

to the intersecting fracture and placed at cell center. L is strain depth, which is computed as the maximum 

distance between furthest cell vertex and a plane parallel to the intersecting fracture. This 

implementation is founded within the Oda (1986) geomechanical upscaling framework such that the 

one-dimensional change of a fracture aperture can be evaluated in terms of a full-3D incremental strain 

tensor. 

The hydraulic part of the simulation is modelled by Golder’s Matrix/Fracture Interaction 

(MAFIC) code (Golder Associates, 2001). The program models fracture flow through a network of 

interconnecting fracture element plates and matrix flow through a three-dimensional volume. Flow in 

fractures is simulated in two-dimensional triangular finite elements, assuming incompressible fluid, 

using the equation of Bear (1972): 

 𝑆𝑓𝑟𝑎𝑐
𝜕𝑃

𝜕𝑡
− 𝑇𝑓𝑟𝑎𝑐𝛻2𝑃 = 𝑞 (7) 

Where Sfrac is fracture storativity, P is fluid pressure, t is time, Tfrac is fracture transmissivity, q is source 

or sink term and 𝛻2 is Laplace operator. 

Flow in the matrix is simulated by a generic matrix block scheme. The matrix block approach 

here defines a single, rectangular slab block geometry. This represents all matrix blocks in a network of 

surrounding fractures. The slabs have a surface area of the drainage face, which is set equal to the 

fracture element area. 

Flow through each matrix block, i.e. between fracture facelets, is treated as a one-dimensional 

pipe flow coupled to the pressure in the associated bounding fracture element: 

 𝑆𝑚
𝜕𝑃

𝜕𝑡
− 𝐾𝛻2𝑃 = 𝑞𝑆 (8) 
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Where Sm is rock specific (matrix) storage, P is fluid pressure, t is time, K is hydraulic conductivity, qS 

is specific source or sink term and 𝛻2 is Laplace operator. The one-dimensional pipe flow approach is 

employed to reduce numerical costs since we focus on matrix storage in the numerical model. 

It must be acknowledged that the HM coupling is not complete as the variation of fracture 

aperture is lumped in storativity. This is generally employed for relatively low pressures where both 

fractures and matrix exhibit small deformation (see e.g. discussion in Marck et al., 2015 regarding such 

uncoupling). As soon as shear induced plastic deformation is activated on the fault, this approach may 

lead to misleading results. Therefore, in the Barton-Bandis implementation (Barton et al., 1985) we 

follow the shear-induced modification to the stress-aperture relationship via the frictional input 

properties, e.g. JRC, which is slip dependent. 

FracMan relates the hydraulic parameters transmissivity and storativity with aperture and 

compressibility for fracture/fault element and matrix using the following relationship: 

 𝑇𝑓𝑟𝑎𝑐 =
𝜌𝑓𝑙𝑢𝑖𝑑𝑔𝑒3

12𝜂𝑓𝑙𝑢𝑖𝑑
 (9) 

Where ρfluid and ηfluid are fluid density and viscosity, respectively, e is fracture element hydraulic aperture 

and g is acceleration of gravity. 

Conversion between fracture storativity (Sfrac) and compressibility is calculated as:  

 𝑆𝑓𝑟𝑎𝑐 = (𝐶𝑓𝑟𝑎𝑐 + 𝐶𝑓𝑙𝑢𝑖𝑑)𝜌𝑓𝑙𝑢𝑖𝑑𝑒 (10) 

Where Cfrac, and Cfluid are fracture and fluid compressibility, respectively. 

Conversion between matrix storativity (Sm) and compressibility is considered as: 

 𝑆𝑚 = (𝐶𝑚 + 𝐶𝑓𝑙𝑢𝑖𝑑)𝜌𝑓𝑙𝑢𝑖𝑑𝑔𝜑 (11) 

Where, Cm is matrix compressibility and φ is matrix (rock) porosity. 

The hydro-mechanical coupling during simulation of fluid injection into a borehole with a given 

flow rate are realized with the looping in Figure 6: 

 

 

Figure 6: Cycle of hydro-mechanical coupling in FracMan. 

For more details on the numerical method the reader is referred to Cottrell et al. (2016). 

5.3.2 Numerical model setup 

The FracMan code allows considering faults (fractures) and intact rock matrix explicitly. Faults are the 

dominant fluid flow paths transmitting pressure changes while the rock matrix properties and stress state 
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governs poro-elastic stress transfer. The 3D volume of interest, which contains the faults and the intact 

rock, is centered at the PX-1 open borehole section which is illustrated in Figure 7. The size of the 

modelling domain is 4 km x 4 km x 2 km, which ensures avoiding numerical boundary effect. 

 

 

Figure 7: Oblique view looking down from SW (a) and vertical view from W (b) illustrating the fault structures and boundary 

conditions of the numerical model. 

The geometries of the fault planes, P1 and P2, are based on joint interpretation of hydraulic and 

microseismic information described in Section 5.2.4. Plane P1 strikes NW-SE (N135 °E) and dips at 

78°. The plane intersects the openhole section of well PX-1 at 4068 m MD, i.e. at the top of the interval. 

Plane P2 shows strike of SW-NE (N222 °E) and dip angle of 61° (Bethmann et al., 2019). According to 

the fault configuration, the shortest possible distance from the injection point in structure P1 to plane P2 

equals 350 m. 

The grid representing the intact rock considers the crystalline rock strength and the input for 

defining the in-situ stress field as spatially varying grid properties (Figure 8). The size of the grid 
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elements is set to 100 m x 100 m x 100 m, and 32000 grid cells are generated in total. We note that the 

size of grid cells may appear large - especially with regards to the distance between the injection point 

and the intersection line between fault planes P1 and P2 (350 m). However, these represent matrix 

blocks, and the fluid conducting faults are meshed much finer (Section 5.3.2). Consequently, the grid 

cells ensure considering matrix effect in fluid flow modelling and numerical stability, as well as 

acceptable computational costs at the same time. 

 

Figure 8: Oblique view looking down from SW illustrating the spatial distribution of effective maximum horizontal stress 

acting in the grid and that acting on the fault planes, P1 and P2. The modelling box dimensions are 4 km x 4 km x 2 km. Grid 

element dimensions are 100 m x 100 m x 100 m. Fault element size varies between 0.1 m and 75 m. 

Constant gradient stresses are applied at the boundaries of the model. The bottom of the model is fixed 

(no normal displacement). The geomechanical model properties are summarized in Table 2 and Table 

3. 

Table 2: Granodiorite geomechanical parameters derived from laboratory tests on rock cores from PX-2 from 4.2 km depth 

(Kwon et al., 2019). 

Geomechanical Property of Intact Rock Mean Value Standard deviation Number of tests 

Bulk Density (kg/m3) 2630 5 11 

Porosity (%) 0.5 0.07 11 

Uniaxial Compressive Strength, UCS (MPa) 106.7 22.3 7 

Tensile Strength (MPa) 9.2 0.4 2 

Young’s Modulus (GPa) 33.5 6.8 4 

Poisson’s Ratio 0.21 0.05 4 

Mohr-Coulomb Cohesion (MPa) 15.2 - 12 

Table 3: Geomechanical properties of fractures derived from laboratory tests (Kwon et al., 2019). 

Geomechanical Property of Fracture Mean Value Standard deviation Number of tests 

Joint Wall Compressive Strength, JCS (MPa) 169.2 87.2 5 

Joint Roughness Coefficient, JRC (-) 13.1 2.8 7 

Fracture Coefficient of Friction, µ (-) 0.5 0.01 2 

We conducted critical stress assessment based on Mohr-Coulomb friction model to establish the 

stress field boundary conditions for the numerical simulation using the approach described in Blöcher 

et al., 2018 and Zoback, 2010. The methods are applied for planes P1 and P2 at 4 km depth using the 

principal stress magnitudes and orientations of Bethmann et al., 2019 in Table 1 and Biot’s poro-elastic 
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coefficient, α = 0.79 (Chang et al., 2020). Figure 9 illustrates the effective normal stress and shear stress 

acting on P1 and P2. Based on the critical stress analysis, none of the planes is critically stressed at the 

depth of investigation prior to any hydraulic stimulation. Furthermore, the required pressure for slippage 

is higher for P2 than for P1. The pressure for hydro-shearing P1 is about 36 MPa and that for P2 equal 

53 MPa for the laboratory fracture coefficient of friction, μ = 0.50. The hydro-shearing pressure for P1 

is higher than that discussed in Section 5.2.3, i.e. 16–18 MPa. Thus, the coefficient of friction must be 

as low as 0.23 in order to model fault slip at an injection pressure of 16–18 MPa for the given stress 

state. The lower μ may be explained with the clayey infilling material of the fracture (Lee, 2019) and 

the relatively large variability of fracture strength parameters in Table 3. Furthermore, Zang and 

Stephansson (2010) point out that estimated μ for field scale applications can be lower than that 

anticipated from laboratory tests. 

 

Figure 9: Critical stress analysis (Mohr-Coulomb failure plot) for planes P1 (magenta dot) and P2 (yellow dot) at 4 km depth 

for establishing the stress field for the numerical simulation based on the strike-slip model of Bethmann et al. (2019) (Table 
1). Two coefficients of frictions are assumed for the analysis: μ = 0.50 is reported for fractures present in cored samples and 

μ = 0.23, which is used in the numerical model and required for observing hydro-shearing at injection pressure 16-18 MPa. 

Further input for Mohr-Coulomb failure plot: pore pressure =39 MPa, Biot’s poro-elastic coefficient = 0.79 and 

cohesion=0 MPa. 

Table 4 specifies the strike-slip stress field parameters with the gradients for minimum 

horizontal stress (Shmin), vertical stress (Sv) and maximum horizontal stress (SHmax) as well as pore 

pressure, assuming a fluid density of 1000 kg/m³ and a gravitational acceleration of 9.81 m/s². 

Table 4: Rock Stress Parameters used for the numerical study.  

Parameter Value 

Maximum Horizontal Stress Gradient, SHmax (MPa/m) 0.0317 

Vertical Stress Gradient, Sv (MPa/m) 0.0258  

Minimum Horizontal Stress Gradient, Shmin (MPa/m) 0.0227  

SHmax Direction (°) N100E 

Fluid Pore Pressure Gradient (MPa/m) 0.00981 

5.3.3 Simulation of high pressure fluid injection 

In the model, fluid is injected into the P1 fault plane over eight days with varying flow rates following 

the injection protocol in Hofmann et al. (2019). Prior to simulation, the fault planes are meshed into 
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triangular elements with a minimum edge length of 0.1 m and maximum edge lengths of 75 m, 40 m, 

30 m, 25 m and 20 m to avoid mesh-dependency. The minimum length is similar to the radius of well 

PX-1; and the maximum size is similar to that of matrix grid elements. The mesh is refined close to the 

node representing the borehole area and consists of 25650, 48367, 78679, 107894 and 153522 nodes for 

meshes with maximum edge length of 75 m, 40 m, 30 m, 25 m and 20 m, respectively. The injection into 

the plane is simulated using a source term (node) at the intersection of the open borehole section of well 

PX-1 and P1. An initial unperturbed hydrostatic pore pressure conditions is specified. Pressure increase 

from static level due to fluid injection is referred to as overpressure. 

The simulated overpressure history is matched against observed wellhead pressure during the 

entire injection period. Frictional pressure losses in the well are negligible due to the large well diameter 

and the low flow rates. The history matching period begins at the onset of injection and lasts until the 

onset of the flowback phase. The simulated injection flow rates are identical to those recorded in the 

field. The matching procedure requires adjusting the input parameters governing the hydro-mechanical 

coupling sequentially, i.e. geomechanical properties. These are referred to as split-points dividing the 

simulation into sequences. At these split-points, the pressure output of the last time step is taken as input 

for the subsequent phase of the simulation. The parameters remain valid for a period until the next split-

point is defined. In total, 6 split-points, i.e. sequences are defined in the simulation. The parameters are 

changed at the beginning of each stimulation sequence. 

The input parameters are kept in a range that agrees with measured rock mechanical (Table 2 

and Table 3) and reported hydrogeological parameters by Park et al. (2020) and Hofmann et al. (2019). 

Properties that are assumed to be constant include well radius, fluid and matrix properties, wellbore 

compressibility, fault compressibility as well as geomechanical properties except for UCS are 

summarized in Table 5. 
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Table 5: Constant fluid injection (well effect and fluid), hydrogeological (matrix and fault) and geomechanical properties of 

the numerical simulation of cyclic soft stimulation (CSS) treatment in well PX-1 in August 2017. 

Well Effect Reference/Remark 

Well radius, rwell (m) 0.108 Hofmann et al. (2019) 

Well storage coefficient (m3/Pa) 6 10-8 Product of borehole volume and fluid compressibility 

Fluid properties  

Fluid viscosity, ηfluid (mPa s) 0.3 Hofmann et al. (2019) 

Fluid compressibility, Cfluid (1/Pa) 4.5 10
-10

   

Fluid density, ρfluid (kg/m3) 1000  

Matrix properties  

Matrix permeability, km (m
2
) 1.8 10-16 Hofmann et al. (2019) 

Porosity, φ (%) 0.5 Kwon et al. (2019) 

Matrix compressibility, Cm (1/Pa) 4.5 10-10  

Numerical block radius, r (m) 15  

Fault hydrogeological properties  

Fault compressibility, Cfrac (1/Pa) 4.5 10-10  

Fault geomechanical properties  

Normal stiffness, Kn (GPa/m) 200 Yoon et al. (2014) 

Coefficient of friction, μ (-) 0.23 Critical stress analysis in Section 5.3.2 

JRC (°) 12 Kwon et al. (2019) 

JCS (MPa) 105 Kwon et al. (2019) 

Maximum closure, Vm (mm) 1  

5.4 Results 

Results of the numerical simulation of PX-1 2nd hydraulic stimulation are presented as follows. First, 

the purpose and protocol of each stimulation phase are summarized. Then, the simulated wellhead 

pressure is compared against field record and the parameters governing the history matching are 

discussed (Figure 10). The adjusted numerical parameters are summarized in Table 6. Based on the 

achieved history match, we characterize the resulting hydro-mechanical parameters, such as hydraulic 

aperture and transmissivity. The evolution of stress-aperture relationship as well as hydraulic aperture 

and transmissivity are shown in Figure 11 and Figure 12, respectively. 
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Figure 10: Comparison of recorded (blue) and modelled (violet) wellhead pressure data for cyclic soft stimulation (CSS) 

treatment in well PX-1 of August 2017. Numerical injection flow rates are equal to that recorded on field (yellow). Numbers 

of 1 to 6 of the numerical simulation represent sequential changes in the input parameters referred to as split-points (Table 

6). Green circles represent increase in hydraulic aperture. Red square represents decrease in hydraulic aperture. 

Table 6: Adjusted fault geomechanical property of the numerical simulation of cyclic soft stimulation (CSS) treatment in well 

PX-1 in August 2017. 

 Day 1 Day 2 Day 3 – Day 4 Day 5 Day 6 – Day 8 

Split-point ID 1 2 3 4 5 6 

UCS (MPa) 103 108 113 109 110 115 

 

 

Figure 11: Evolution of stress-aperture relationships as well as hydraulic aperture at injection point. The IDs 1 through 6 

represent split-points, i.e. change in input parameters, as shown in Table 6. The order of IDs increases with stimulation time. 

Circles represent increase in hydraulic aperture, square represents decrease in hydraulic aperture at the injection point. 
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Figure 12: Top: simulated hydraulic aperture development with wellhead pressure. Bottom: simulated transmissivity (blue 
diamond) development with wellhead pressure. The IDs 1 through 6 represent split-points, i.e. change in input parameters, 

as shown in Table 6 and Figure 10. The order of IDs increases with stimulation time. 

 

 

 

5.4.1 Day 1: Initial injectivity determination 

The first day of the treatment focused on determination of the initial reservoir conditions. The 

stimulation program included a 2 -h-long injection with constant flow rate of 3 l/s, followed by a 2 -h 

shut-in phase. Afterwards, cyclic test with eight 1 -h cycles with periods of 30 minutes of 3 l/s injection 

and 30 minutes of shut-in were performed. At the end of the day, ten 6-minute cycles with the same flow 

rates were conducted. The maximum WHP reached 4 MPa at the end of the last test. 

The simulated WHP response shows good match with the recorded one. At static pore pressure, 

marked as split-point ID 1, the hydraulic aperture is 0.06 mm at the wellbore corresponding to 

transmissivity of 7.5 10-7 m2/s. 
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5.4.2 Day 2: Fracture opening pressure determination 

The second day of the treatment aimed at determining the fracture opening pressure by a progressive 

cyclic injection test. This was realized by seven 2 -h cycles with 1 l/s base injection rate. The injection 

rate was progressively increased from 2 l/s to 8 l/s with 1 l/s steps. The maximum WHP reaches 18 MPa. 

At the end of the day, the WHP reduces to 7 MPa due to return to base flow rate. 

To achieve a reasonable match of the pressure curves, an additional split-point ID 2 is inserted. 

The split-point is set before the pressure curve reaches the critical pressure range for deformation, i.e. 

16-18 MPa as presented in Section 5.3.2, interpreted as hydro-shearing at increased flow rates (Hofmann 

et al. 2019). This is captured by modifying the stress-aperture relationship by increasing the UCS within 

the range shown in Figure 11. The hydraulic aperture, therefore, increases from 0.06 mm to 0.08 mm. 

Transmissivity increases from 7.5 10-7 m2/s to 1.8 10-6 m2/s. 

5.4.3 Day 3 and day 4: Hydraulic pulse tests and shut-in 

On the third day harmonic pulse tests were performed by adding pulses on top of the high rate injections. 

The flow rates are chosen to ensure the same injected volume and average injection rate during all cycles 

in both progressive cyclic injection test and hydraulic pulse tests. Injection was continued at the 1 l/s 

base rate until day 4 with a similar length as the previous test. On day 4, the well was kept shut-in for 

24 hours. This allowed observing the hydraulic and seismic behavior of the system. The wellhead 

pressure reached 18 MPa on day 3 and dropped from 9 MPa to 4.5 MPa during the subsequent shut-in 

phase on day 4. 

The simulated WHP can be matched against field record if an additional split-point is inserted 

during the phase of increasing flow rates. This split-point ID 3 is defined at WHP of 9.30 MPa, just 

before the critical pressure for hydro-shearing is reached at the following higher injection rate. At this 

split-point the UCS is further increased corresponding to hydraulic aperture increase to 0.11 mm and 

transmissivity increase to 3.6 10-6 m2/s. 

The simulated wellhead pressure matches with the field record using the latest hydro-

mechanical parameters until the onset of the shut-in period. The simulation phase starting at ID 4 is 

defined at the beginning of the shut-in phase. At this point, the UCS is reduced which results in decreased 

hydraulic aperture and transmissivity at the injection point, 0.08 mm and 2 10-6 m2/s, respectively. This 

can be explained with pressure drop well below the range for hydro-shearing. This simulation period 

lasts until the end of day 4. The variations in parameters at split-points ID 3 and 4 mimic fracture opening 

and closure for this period. 
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5.4.4 Day 5: Main cyclic soft stimulation phase 

The main cyclic soft stimulation treatment began on day 5. Injection lasted for 14 hours with cycles of 

2 hours length. The high injection rate during the cycling equals to 10 l/s and the low one is 5 l/s. This 

was followed by 10 hours of base rate injection of 2 l/s overnight. The highest observed WHP is 20 MPa. 

The simulation of injection begins with defining split-point ID 5 at WHP 4.5 MPa before the phase of 

increasing flow rates resulting in WHP larger than the pressure for hydro-shearing. The split-point is 

required in order to achieve an acceptable match between observed and simulated pressure record. At 

the end of Day 5, the WHP decreases below hydro-shearing pressure. At split-point ID 5, the UCS is 

increased again. The resulting hydraulic aperture is 0.095 mm and the transmissivity is 2.3 10-6 m2/s. 

5.4.5 Day 6 and day 7: Continuation of main cyclic soft stimulation 

phase. Flow rate and pressure reduction due to traffic light system alert 

The main cyclic soft stimulation phase continued for days 6 and 7. In this period, the injection schedule 

was the same as on the previous day, except for seven more repetitions of the cycle of 5-10 l/s (Salina 

Borello et al., 2019). The maximum WHP reached 22.8 MPa, which equals to the absolute maximum 

WHP for the treatment. 

Due to occurrence of Mw 1.2 microseismic event (which was first analyzed as an event with Mw 

1.4), the injection rate was decreased stepwise to 2 l/s, then to 1 l/s. This action was taken according to 

the traffic light system (Hofmann et al., 2019). In this period, 15 microseismic events with magnitude 

below Mw 1.0 were observed (Figure 4). 

The history matching of the pressure curve requires inserting a split-point at the beginning of 

day 6. At time point ID 6, where the WHP is 13.6 MPa, the UCS is increased to mimic increase in 

hydraulic aperture and transmissivity. The calculated hydraulic aperture and transmissivity equal 

0.12 mm and 5 10-6 m2/s. The split-point is inserted just before the critical pressure for hydro-shearing 

is reached again at the subsequent higher injection rate. 

5.4.6 Day 8: Continuation of flow rate and pressure reduction. 

Complete flowback 

On the last day of main cyclic soft stimulation phase, the injection with 1 l/s went on until the detection 

of event Mw 1.9. After analyzing the microseismic event, the injection was stopped, and the well was 

opened for flowback. Several events were detected during, and after this period with Mw around or less 

than 1.0. The maximum WHP was 18 MPa. 

The history matching of wellhead pressure is achieved via continuing the simulation with the 

parameters defined at split-point ID 6. This might be related to the evolution of WHP which is above 

the pressure for hydro-shearing until the flowback period. 
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In Figure 13, the extent of pressurized subsurface area is plotted at WHP of 17.1 MPa, just 

before complete flowback at last time step. The pressurized area, i.e. direct pore pressure change that 

may be linked to induced microseismic events within fault P1 shows that the extent of overpressure of 

0.01 MPa, threshold defined by Lee, 2019, in the direction of the shortest possible distance to the plane 

P2 is approx. 180 m. The hydraulic diffusion reaches as far as 450 m, i.e. the overpressure goes beyond 

the intersection between P1 and P2. However, the magnitude of overpressure on P2 is below 0.01 MPa. 

 

Figure 13: The extent of pressurized subsurface area (investigation radius) at the end of the August 2017 stimulation in well 
PX-1 before flowback. (a): View is looking obliquely down from the NE. The largest edge length is 75 m. The smallest edge 

length is 0.1 m. (b): overpressure profile along section x-x’. The red dashed line denotes the critical overpressure level of 

0.01 MPa defined by Lee et al., 2019 for potential induced seismic event. In order to eliminate bias due to mesh-dependence, 

the extent of overpressure is shown for different maximum mesh edge lengths, i.e. 75 m, 40 m, 30 m, 25 m as well as 20 m. 

The simulated extent of overpressurized area may be compared with that defined in a 

homogeneous and isotropic medium. In that case, the interference radius of a constant-rate well test (R) 

is defined analogously to the wavelength of a poroelastic wavefield as 

 R =  √4𝜋
𝑘𝑒𝑞

𝐶𝑡𝑜𝑡𝑎𝑙 𝜂𝑓𝑙𝑢𝑖𝑑
𝑡 = √4𝜋𝐷𝑡 (12) 

where keq is the equivalent permeability of the medium, Ctotal is the total compressibility and D is the 

system diffusivity (Shapiro, 2015). Conservatively assuming an 8-day-long injection test using the 

highest equivalent permeability reported by Hofmann et al. (2019) lies at 2.71 10-15 m2, as well as fluid 

viscosity and total compressibility as the sum of matrix and fluid compressibility in Table 4 scaled with 
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porosity, the calculated radius is approx. 350 m. Thus, the upper limit of triggering front of induced 

seismic events agrees with the maximum extent of overpressurized area. 

5.5 Discussion 

5.5.1 Hydraulic aperture and transmissivity evolution 

The simulation of August 2017 stimulation in well PX-1 shows that the fluid diffusion due to hydraulic 

stimulation is governed by several parameters. Hydro-mechanical coupling (stress versus hydraulic 

aperture relationship) has strong effect on the simulated wellhead pressure. The split history match 

shows that split-points are required to obtain good agreement between recorded and simulated pressures. 

Split-points are inserted when different pressure levels of hydro-mechanical coupling are reached as 

defined by Cornet (2016). Here, this refers to transition from linear poro-elastic response following 

Darcy-type fluid flow, i.e. below 16-18 MPa wellhead pressure, to hydro-shearing of pre-existing fault 

structure. 

The hydraulic aperture variation is captured by modified stress-aperture relationships. This is 

done by adjusting UCS throughout the simulation as its variation allows slight shift of the stress-aperture 

curve. The adjustment is performed at 6 split-points. At split-point with IDs 1, 2, 3, 5 and 6, the hydraulic 

aperture is increased according to the pressure level of the treatment, i.e. whenever the wellhead pressure 

is about to reach hydro-shearing pressure. The only exception is split-point ID 4 where the stress-

aperture law is adjusted so that the hydraulic aperture is reduced due to longer shut-in period. 

Consequently, the changes in fault properties are consistent. 

We also investigated the evolution of the aperture-based transmissivity (Figure 12). The 

transmissivity shows an increase in the order of one magnitude approx. from 10-7 to 10-6 m2/s. The 

simulated hydraulic aperture and transmissivity can be compared with those obtained from well test and 

pulse test analysis on day 1, day 4 and day 7 (Hofmann et al., 2019). Based on Table 7, the hydraulic 

apertures of this study are smaller than the reported ones. This may be explained by including joint 

roughness in this study that reduces aperture. On the other hand, apertures derived from reported 

permeability in Hofmann et al. (2019) consider apertures as smooth, parallel-plate structures. Finally, 

the permeability calculated from well tests depends on the reservoir thickness, which is not well 

constrained. Consequently, simulated transmissivities are also smaller than that of Hofmann et al. 

(2019). 
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Table 7: Comparison of simulated hydraulic aperture and transmissivity against reported values in Hofmann et al. (2019).  

Period of Well test analysis in Hof-

mann et al. (2019)  

Pressure 

drop 1 on 

Day 1 

Pressure 

drop 2 on 

Day 1 

Pulse test 

on Day 1 

Pressure 

drop on Day 

4 

Pulse test 

on Day 5 

Pulse test on 

Day 6 and 

Day 7 

Respective split-point 1 1 1 4 5 6 

Hydraulic aperture (mm) calcu-

lated in this study and reported in 

Hofmann et al. (2019) (in brace-

lets) 

0.06 

(0.11) 

0.06 

(0.10) 

0.06 

(0.13) 

0.09 

(0.08) 

0.095 

(0.19) 

0.12 

(0.21) 

Transmissivity (10-6 m2/s) calcu-

lated in this study and derived 
from Hofmann et al. (2019) (in 

bracelets) 

0.76 

(3.8) 

0.76 

(3) 

0.76 

(6.5) 

2.1 

(1.7) 

1.32 

(19.3) 

5.0 

(25.8) 

It is interesting to note that both hydraulic stimulations in well PX-1 show characteristic changes 

in injectivity at WHPs between 15 and 17 MPa, being linked to hydro-shearing. However, it can be 

argued that the simulated hydraulic aperture development resembles hydraulic fracturing of existing 

fractures (Doe and Korbin, 1987). This is characterized by reversible, elastic aperture opening and 

closing with pressure below critical pressure level (Kewel et al., 2019). Furthermore, the calculated 

hydraulic apertures agree with that in Park et al. (2020), obtained from the previous stimulation in the 

well. Hence, we do not observe any additional permanent increase in hydraulic aperture in fault P1. This 

implies that the additional slip did not improve the hydraulic performance of this closed system. 

Moreover, a different slip model may be required to model this behavior, e.g. rate-and state strength 

model proposed by Dieterich (1992) and Dieterich (1994). Moreover, it is also possible that the fault 

may have slipped during the first stimulation. Further slip then does not significantly change the 

permeability anymore. 

Therefore, future numerical models should employ different slip models that may predict this 

observed effect of cyclic changes in normal stress and in aperture (e.g. Boettcher and Marone, 2004). 

5.5.2 Extent of pressurized area 

The extent of directly pressurized fault radius of 180 m with 0.01 MPa cut-off value implies that the 

hydraulic diffusion for inducing seismic events is limited relatively close to near-well area during the 

time of injection. This is demonstrated by the pressure distribution around the injection point in Figure 

13b. Given that the simulated injection point is located approx. 350 m as shortest distance from plane 

P2 along P1 (Figure 7), the modelling results reveal that the pore pressure, and thus, the effective stresses 

at fault P2 are changed only by less than 0.001 MPa during the treatment. The fluid pressure 

development shows good agreement with the microseismic locations from PX-1 stimulations, i.e. 

clustering around the injection borehole. However, the presented modeling study does not evaluate 

poroelastic stress transfer and pressure diffusion after the end of the treatment. Both may well lead to 

higher pressures on the P2 fault months after the end of injection and should be investigated in the future.  

This is of importance as seismicity can be induced further away than the pressure diffusion front 

because of deformation-induced (poroelastic) pressure changes (e.g., De Simone et al., 2017; Goebel 

and Brodsky, 2018) as proposed by Ellsworth et al. (2019). Additionally, the pore pressure gradient 



   

130 

 

induced by the injection requires time to equilibrate due to the low permeability of the granodiorite rock, 

although the well was vented. Therefore, it is a subject of future modelling study to investigate the 

possibility of high pore pressure migration towards plane P2 after the injection was stopped and the well 

was vented, as well as the possibility of higher pore pressure on plane P2 several months after the 

stimulation as proposed by Ellsworth et al., 2019. Future studies should also consider full hydraulic 

history of the site including all five stimulation treatments and flowback/shut-in/production periods in 

between. 

5.5.3 Numerical limitations 

The FracMan modelling software has some limitations with respect to pressure matching of the 

hydraulic stimulation treatment, which are discussed in the following. 

First, the change in stress versus hydraulic aperture relationship over time implies that this 

behavior during the treatment either cannot be characterized by a single law or a different equation may 

be utilized. For example, one may combine elastic opening and shear dilation as proposed by Rinaldi 

and Rutqvist (2019). However, using different relationship may be challenging due to several reasons. 

The widely used, Barton et al. (1985) hyperbolic relationship, which is also applied in this study, exhibits 

shallow aperture-stress curve at larger normal stresses. Such behavior is also reported in laboratory 

studies, e.g. in Kewel et al. (2019). An alternative, e.g. exponential relationship may be used, but that is 

proposed for shallow depths (Hökmark et al., 2010). 

Second, the model does not include temperature-dependent fluid properties. Modelling of such 

behavior would require an independent sensitivity study since fluid density and viscosity have strong 

effect on fault transmissivity and storage. In order to incorporate such effects, a power-law based 

relationship between hydraulic aperture and normal stress could be employed. Moreover, different 

stress-aperture laws are required before and after fault slip. These may be combined following the 

approach described in Rutqvist and Tsang (2003). 

Third, a more detailed investigation of induced seismicity would require incorporating different 

law for modelling fracture slippage, e.g. the rate-and-state friction model proposed by Dieterich (1992) 

and Dieterich (1994). 

Finally, the model does not include the effects of the stimulations and flowback periods 

performed before and after the August 2017 stimulation in the two wells. These data could be included 

in order to evaluate the full hydraulic history of the site in a future study. Therefore, the presented model 

results do not allow making any statement about the pressure distribution in the reservoir at the time of 

the Mw 5.5 event since only a limited time is modeled. 

It must be pointed out that the current (thermo-)hydro-mechanically coupled model can only 

produce pressure records that show general agreement with experimental data (e.g. Bhattacharya and 

Viesca, 2019; Bradford et al., 2017; Cheng et al., 2019; Lu and Ghassemi, 2019), and that for a limited 

period of the complete stimulation treatment. Due to the non-uniqueness associated to history matching 
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with complex HM coupled 3D numerical models the simulation result can only provide an idea about 

the influence of different processes, parameters and operations. Consequently, the present study can be 

considered as an attempt to improve and facilitate the discussion of 3D hydro-mechanically coupled 

simulation of field hydraulic stimulations in large-scale reservoirs and on the governing processes during 

the Pohang stimulations. 

5.6 Conclusions 

We investigated three-dimensional hydro-mechanical behavior of a fault that intersects the open 

borehole section of well PX-1 at the Pohang EGS site at approx. 4 kilometers depth. The August 2017 

cyclic soft stimulation treatment, second stimulation in the well, was simulated in three dimensions 

using the FracMan code. The numerical wellhead pressure was matched against the field record. Our 

study draws the following conclusions: 

1. With our model, a reasonable history match of the wellhead pressure could only be achieved by 

partitioning the treatment into separate periods. Partitioning the stimulation is beneficial 

computationally. Furthermore, it can capture phenomena related to fracture opening and 

closing, i.e. change in hydraulic aperture that are otherwise not captured by the code. 

2. The hydraulic aperture evolution is typical of hydraulic fracturing. However, the fault is 

favorably oriented for hydro-shearing, which is generally characterized by permanent increase 

in aperture. This is explained by permeability increase through opening of the existing fault. 

3. The influence of the treatment until flowback, i.e. the extent of direct pore pressure difference 

of >0.01 MPa is approx. 180 m in the direction of the shortest possible distance to the plane P2 

along plane P1. This is half way between the injection and the plane of interest. 
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Chapter 6 Discussion 

In this chapter, the overarching research questions proposed in Chapter 2 and the integration of major 

findings of the main publications are discussed. First, hydraulic fracture growth in hard rock are 

discussed based on the microscale (Chapter 3) and mesoscale studies (0) in Chapter 6.1. This is followed 

by the discussion of the parameters controlling hydro-mechanical coupling (Chapter 6.2) and the 

multiple scales effects (Chapter 6.3). In the last part of the chapter (Chapter 6.4), the challenges of 

simulating hydraulic fracturing in hard rock are discussed.   

6.1 Hydraulic fracture growth in hard rock at various scales 

The numerical modelling of the laboratory microscale hydraulic fracturing experiments in quasi-

isotropic Pocheon granite samples and the mesoscale minifrac tests in highly anisotropic mica schist in 

Hungary provide insights into the micromechanics of fracture growth due to constant-rate fluid injection. 

In the grain-scale study, sub-millimetre-long microcracks are generated that may link with each other to 

form a several-cm-long fracture in the granite sample. In the borehole-scale study, the microcracks have 

a length on the order of magnitude of mm to cm that may form meter-long hydraulic fractures. We note 

that microcracks at a given scale refer to crack elements with a length (sub-REV) that are smaller than 

the domain of investigation (super-REV). 

These two studies share several aspects in common. First, fracture initiation and propagation 

are simulated in homogeneous and heterogeneous rock masses in two-dimensions. Second, 

heterogeneous rock bodies are simulated using pre-existing defects that are implemented using the 

concept of discrete fracture network or smooth joints (Mas Ivars et al., 2008). This allows assigning 

different mechanical and hydraulic parameters to the defects and the intact rock mass. Third, hydraulic 

fracture growth is monitored directly via the evolution of cumulative length or number of microcracks, 

and their spatial distribution across the sample as well as indirectly via fluid pressure monitoring at the 

injection point and in the sample. Last, although flow-back is part of hydraulic fracturing tests, these are 

not simulated given that this operation was either interrupted at field (Section 4.6.1 in 0), or its 

simulation is computationally too expensive (Section 3.5.4 in Chapter 3). 

Based on Zang and Stephansson (2010), given that fluid pressure inside the injection interval 

exceeds the FBP, hydraulic fractures are expected to open as tensile (mode I) cracks perpendicular to 

the orientation of minimum principal stress and rapidly grow in the plane of intermediate and maximum 

principal stress. Both numerical studies show that hydraulic fracture growth direction is in line with 

maximum principal stress direction in homogeneous rock mass. However, in the case of heterogeneous 

models, complex fracture geometries are observed. The induced hydraulic microcracks of mode I are 

aligned parallel to the maximum principal stress until they interact with pre-existing or natural fractures. 

Due to the pressurization of the pre-existing defects, those demonstrate sliding (hydraulically generated 

mode II deformation or hydro-shearing) at a pressure depending on their orientation with respect to the 
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direction of maximum principal stress. Thus, reactivated natural fractures show varying orientations. As 

soon as hydraulic pressurization reaches the tip of hydro-sheared natural fractures, new mode I fractures 

are generated. These make the hydraulic fracture re-orientate parallel to maximum principal stress until 

it reaches another natural defect. This makes the hydraulic fracture process in anisotropic and 

heterogeneous material a mixed-mode fracturing phenomenon. This is in good agreement with 

Guglielmi et al. (2021) who have recently reported that water injection experiments in foliated 

metamorphic rock at the Sanford Underground Research Facility (USA) at a depth of approx. 1500 m, 

hydraulic fracture is initiated at an orientation different from expectation based on the regional stress 

regime due to the foliation of crystalline rock. They report that foliation at the borehole wall provides 

the hydraulic fracture initiation point, but then the fracture reorients away from the well driven by the 

far-field stress. 

Induced mode II cracks in intact rock or mode I failure of pre-existing defects are not observed 

in any of the simulations. The lack of newly formed mode II fractures can be explained by the generally 

higher KIIC compared to KIC in granite and mica schist, i.e. higher hydraulic energy is required for 

initiating mode II fractures compared to mode I cracks (Backers, 2005). The lack of mode I failure of 

natural fractures is related to their very low tensile strength implying that these cannot sustain tensile 

stresses (AbuAisha et al., 2019). 

Another expectation from classical theory of hydraulic fracturing is the symmetrical growth of 

hydraulic fractures from the injection interval (Figure 2; Zang and Stephansson, 2010). However, 

asymmetric hydraulic fracture growth is observed in homogeneous models A1 and A2 in Sections 3.4.2 

in Chapter 3, respectively, and in model A in Section 4.5.1 in 0. Since no locations are available based 

on acoustic emission and microseismic data from these experiments, only possible explanations can be 

hypothesised. From a numerical point of view, this is an effect of discrete element topology (Potyondy 

and Cundall, 2004; Lisjak et al., 2017). The element boundaries are potential locations of microcrack 

elements that may have varying orientations, hence, localised stress heterogeneities. Thus, the side on 

which the first microcracks are generated will determine the location of further crack elements since less 

energy is required to critically pressurise the microcrack tip than to form a new microcrack in the intact 

rock mass on the opposite side. 

The asymmetric hydraulic fracture growth is also observed in heterogeneous models B1 and B2 

in Sections 3.4.3 Chapter 3, respectively, and in models B and C in Section 4.5.2 and 4.5.3 in 0. 

However, the asymmetric hydraulic fracture growth may not be necessarily linked to numerical element 

topology effects. Wright et al. (1999) show that localised stress perturbations nearby fractures may 

influence the direction of fracture propagation. Furthermore, several mine-scale (mesoscale) hydraulic 

fracturing experiments in crystalline (Zang et al., 2017) and in sandstone rock (Fischer et al., 2009) 

demonstrate that asymmetric hydraulic fracture growth is associated with local stress field perturbations 

due to man-made openings, such as drilling holes and tunnels.  
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6.2 Properties governing hydro-mechanical coupling and processes 

The interaction of hydraulic and mechanical processes in the three main publications is treated via two-

way coupled simulations, i.e. hydraulic injection results in mechanical deformation of rock mass and 

vice versa. The main difference in realising coupling between the numerical simulators discussed lies in 

the calculation of change in hydraulic aperture due to change in effective stress as a result of pore 

pressure perturbation. The hydraulic aperture vs effective normal stress relationship is linear in Irazu 

(Figure 5b in Chapter 3), exponential in Particle Flow Code (Figure 9 in 0) and hyperbolic in FracMan 

(eq. 2 in Chapter 5). Linear relationship can be computationally beneficial, however, laboratory 

experiments imply either hyperbolic or exponential relationship (Barton et al., 1985; Hökmark et al., 

2010). For example, recent modelling study on the simulation of hydraulic stimulations at the Pohang 

EGS reservoir by Yoo et al. (2021) suggest using exponential relationship in hard rock at reservoir scale. 

Apart from coupling equation, hydro-mechanical processes during hydraulic fracturing are 

controlled by natural, i.e. rock and hydraulic parameters as well as engineering factors. In the main 

publications, the effect of these parameters is studied on the simulated pressure response at the injection 

well. In Chapter 3, rock fabric and injection rates are varied, in 0, rock fabric and injection fluid viscosity 

are changed, and in Chapter 5, rock strength and injection rates are adjusted. Since all main publications 

focus on the verification of the simulated FBP against experimental data, therefore, these studies are 

analysed jointly with this respect. Although not all experiments are simulated in this thesis, given that 

the most representative tests are analysed, implications can be made on the cross-scale dependence of 

FBP on natural factors such as far-field minimum horizontal stress and depth as well as engineering 

factor such as injection rate. 

Figure 8 illustrates the FBP on the surface in the function of minimum horizontal stress, depth 

and injection rate based on the experimental results. The depths refer to the true vertical depth of the 

centre of the tested open hole intervals. Figure 8a shows that at the micro- and mesoscale, the FBP varies 

approximately between 10 and 20 MPa, while minimum stress varies between 3 and 20 MPa. The 

corresponding depths are between 500 and 1400 m for the borehole scale experiments, and approx. 4070 

and 4280 m for the reservoir scale stimulation data (Figure 8b). Injection rate varies over several orders 

of magnitude, i.e. from 6 × 10-4 to 4 l/min (Figure 8c). Based on the simulation results, the variance of 

FBP at laboratory and borehole scale can be attributed to the presence of natural defects in the rock mass 

since far-field stresses are fixed at laboratory conditions, and these are relatively well constrained at the 

borehole scale experiments as well. Furthermore, the variance of injection rate is much higher than that 

of FBPs across these two scales. 

Interestingly, in the case of reservoir scale data associated with hydraulic stimulations at the 

Pohang EGS site, different dependence of the FBP on minimum horizontal stress, depth and injection 

rate is observed. During the first hydraulic stimulation in well PX-1 at the depth of 4068 m and an 

injection rate of between 300 and 1000 l/min, FBP is observed at 16 MPa wellhead pressure. This is 
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explained by hydro-shearing of a fault structure intersecting the open-hole interval of the well as shown 

in Chapter 5. On the other hand, at the depth of 4278 m and at flow rates between 1000 and 2800 l/min, 

FBP at 67 MPa wellhead pressure is observed during the first hydraulic stimulation in well PX-2. This 

is interpreted as a result of induced hydraulic fracture. However, caution must be given to the magnitude 

of minimum horizontal stress since it is constrained with relatively large error, i.e. between 86 and 120 

MPa (Table 1 in Chapter 5). We note that Yoo et al. (2021) recently demonstrated that by using the 

numerical tool TOUGH-FLAC, the induction of hydraulic fracture at an FBP of 90 MPa for a minimum 

horizontal stress of 86 MPa can be verified against field pressure history of the hydraulic stimulations 

in well PX-2. Consequently, at reservoir scale, FBP strongly depends on natural factors such as the 

existence of pre-existing faults and in-situ minimum horizontal stress at the same time, as well as on 

injection rate. Moreover, Figure 8a shows that in general, the higher the minimum horizontal stress the 

higher the FBP becomes. This observation agrees with that reported by Langbauer et al. (2021) who 

reviewed several hydraulic fracturing stimulation tests at several scales in various rock types for energy 

technologies. Furthermore, Figure 8b shows that greater depth does not necessarily result in larger FBP 

on the surface. This shows that other factors discussed above affect the FBP stronger. 
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Figure 8: Formation breakdown pressure (FBP) on the surface in the function of minimum horizontal stress (a), injection 

rate (b) and depth (c) based on the experimental results of hydraulic fracturing into crystalline rock reported in the 

publications included as chapters of this thesis. The tested rock types at each scale are Pocheon granite from South Korea 

(laboratory scale), mica schist of Variscan basement rock in Hungary (borehole scale) and Permian granodiorite at Pohang 
EGS site in South Korea (reservoir scale). The depths refer to the true vertical depth of the centre of tested open hole 

intervals. The minimum horizontal stresses at reservoir scale are best estimates that vary between 86 and 120 MPa (see 

Table 1 in Chapter 5). The stimulation mechanisms at reservoir scale are either hydro-shearing or hydraulic fracturing 

(HF). At the other scales, the stimulation mechanism is HF. 
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6.3 Scale dependencies of hydraulic fracturing 

In order to transfer the experimental and simulation results between different scales, special scaling-

laws must be applied as described in Chapter 1.3. These determine the required parameters for studying 

hydraulic fracturing across scales such as apparatus and device requirements, rock geomechanical 

parameters, principal stresses, sample size, fluid viscosity, injection rate as well as expected time frame 

of the experiment, i.e. containment of the hydraulic fracture within block boundaries. 

Table 5 shows the scaling analysis of the experiments studied in this thesis based on equations 

9-10 in Chapter 1.3.2 and eq. 19 in Chapter 3 with respect to the duration of experiment, texp. The scale 

analysis of laboratory scale test “CCI1” presented therein demonstrates that the induced hydraulic 

fracture should reach sample boundaries within two seconds beginning from reaching the FBP, i.e. 

texp= 2 s, and it propagates dominantly in the toughness-dominated regime with large fluid lag (OK-

edge), since texp ~ tom and texp>>tmk. The simulation study with the Irazu model, which is verified against 

this kind of propagation regime, confirms the duration of the fracturing experiment. However, 

modifications of laboratory setup would have enabled observing hydraulic fracturing experiments in 

viscosity dominated regime without fluid lag effect, i.e. texp >> tom and texp<<tmk, by using a more viscous 

fluid, e.g. glycerine with a viscosity of 1 Pa s. Given that Irazu is capable of simulating viscosity-driven 

hydraulic fracture propagation and calculation time is proportional to fluid viscosity (eq. 18 in Chapter 

3), future study should investigate this alternative experimental option. The alternative option would 

also enable the direct comparison of governing parameters of hydraulic fracturing experiments against 

reservoir scale experiments where viscosity-dominated dissipation mechanisms are generally expected 

(Detournay, 2016). 

Regarding the time scale analysis of borehole scale experiments, the numerical model base case 

setup with water as fracturing fluid shows that hydraulic fracture propagation is toughness-dominated 

with neglectable fluid lag (Table 5, mesoscale, base case). In the alternative case setup, where fracturing 

fluid is drilling mud with higher viscosity, it is valid to assume hydraulic fracturing propagation in the 

viscous regime on the order of few minutes in these models since texp<<tmk. 

In the case of hydraulic stimulations in the Pohang EGS reservoir (Chapter 5), the scaling 

analysis is only possible for the hydraulic stimulations in well PX-2 where the induction of new 

hydraulic fracture is hypothesised. Assuming an average flow rate of 30 l/s (3×10-2 m3/s) and a minimum 

stress of 86 MPa for the first hydraulic stimulation in this well based on Park et al. (2020), time required 

for transition from viscosity-dominated to toughness-dominated hydraulic fracture propagation, tmk, is 

about 15 minutes (830 s). Thus, hydraulic fracturing experiments in well PX-2 are governed by both 

viscosity and rock toughness effect (MK-edge) depending on the length of the water injection steps. 

Fluid lag can be neglected since texp>>tom. However, the applicability of the time scale analysis is limited 

by several factors, such as the presence of highly permeable pre-existing fractures and the possible 

presence of stress barrier between the wells PX-1 and PX-2. Given that no explicit hydraulic fracture 
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growth is simulated either in this thesis or in studies focusing at the same site, such as Wassing et al. 

(2021) and Yoo et al. (2021), the calculated time scale serves as an estimation for the identification of 

key parameters affecting fracture growth for future studies. 

Table 5: Time scale analysis of the experiments simulated in the thesis based on the similarity solutions for penny-shaped 
hydraulic fracture propagating in an impermeable elastic medium described in Chapter 1.3.2 (OMK-triangle). 

texp: characteristic experimental time length; tom: characteristic time length along the OM-edge, tmk: characteristic time length 

along the MK-edge. 

Scale σ0 

(MPa) 

Q0 

(m3/s) 

E 

(GPa) 

ν 

(-) 

KIc 

(MPa

m-1/2) 

µ 

(Pa s) 

texp 

(s) 

tom 

(s) 

tmk 

(s) 

Dominant 

regime  

Micro  3 10-7 57.5 0.25 1 0.001 2 1.7 10-4 Fluid lag-

Toughness 

(OK) 

Micro* 3 10-7 57.5 0.25 1 1 2 1670 6053 Viscosity 

(M) 

Meso, 

base case 

16.5 5.8×10-5 52 0.24 1 0.001 120 0.01 1.35 Toughness 

(K) 

Meso, 

viscous 

fluid case 

16.5 5.8×10-5 52 0.24 1 0.01 120 0.1 430 Viscosity 

(M) 

Macro** 86 3×10-2 33.5 0.21 1 0.001 100-

1800 

2.3×10-5 830 Viscosity-

Toughness 

(MK) 

*: Parameter suggestion for studying viscosity-dominated fracturing experiment.  

**: average injection rate of first hydraulic stimulation in well PX-2 is assumed based on Park et al. (2020). Experimental time 

length is varied during the hydraulic stimulation 

6.4 Challenges in numerical modelling of hydraulic fracturing in hard rock 

The numerical studies constituting this thesis demonstrate that several numerical approaches are 

required to study various aspects of hydraulic fracturing at different scales. However, the verification of 

the applied general-purpose models is challenging. 

First of all, these studies show that workflow for verifying the hydro-mechanical (H-M) models 

against experimental data have to be tailored for the specified problems. This includes establishing a 

methodology for generating a synthetic material that resembles the various mechanical properties 

observed in the laboratory and agrees with the recorded injection fluid pressure response at the same 

time; i.e. it allows history matching. On one hand, the mechanical and hydraulic verification of modern 

numerical models using explicit time stepping approach are only possible via time-consuming trial-and-

error approach. On the other hand, commercial hydraulic fracturing treatment simulators such as FracPro 

and Mfrac have built-in automated history matching algorithms based on Monte Carlo method. 

However, these numerical models use classic hydraulic fracturing models that cannot capture complex 

hydraulic fracturing processes (Chapter 1.4). 
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Second, in the case of DEM- and FDEM-based simulators, the small hydraulic time step size 

using realistic parameters can lead to computationally expensive simulations. Thus, these simulators are 

limited to testing few hydraulic fracturing treatment scenarios. 

Third, due to inherent dependencies in coupled simulations described below, large number of 

sensitivity tests must be carried out to increase confidence in the numerical models. Therefore, a trade-

off must be made between the number of numerical models and computational time. Alternatively, in 

the case of laboratory scale models, the number of parametric sensitivity scenarios can be decreased by 

the time scaling approach proposed by Bunger et al. (2005), since the number of parameters in that 

mathematical model are reduced.  

Regarding history matching in the applied numerical tools, in the case of homogeneous isotropic 

rock model, these are controlled by several numerical, mechanical and hydraulic parameters. Dominant 

numerical parameter is the element size, which affects both the peak pressure and the slope of fluid 

pressure increment. Furthermore, the numerical geometry setup, i.e. borehole model affects the 

simulated pressure curve through injection into either a single cavity (Chapter 3 and Chapter 5) or a line 

source (0). Among the mechanical parameters, element tensile strength controls the magnitude of the 

FBP and element contact stiffness controls the slope of the fluid pressure increase. If hydro-shearing is 

simulated (Chapter 5), uniaxial compressive strength (UCS) of the FracMan model affects the simulated 

peak pressure. As for the hydraulic parameters, fluid bulk modulus and fluid density control the slope 

of the pressure increment, while hydraulic aperture controls the magnitude of FBP. In the case of 

heterogeneous models, the geometrical, mechanical and hydraulic parameters of the joint elements or 

faults further complicate the effects on simulated pressure response. 

It must be pointed out that in the case of the macroscale study, H-M simulator FracMan should 

be extended by thermal coupling since the reservoir rock formation is thermally stressed in terms of 

cold-water injection into hot rock formation (thermal-mechanical coupling, T-M). Furthermore, this 

would result in temperature-dependent fluid properties such as viscosity and density (thermal-hydraulic 

coupling, T-H). Thus, the extended coupling would significantly affect the modelling results, e.g. the 

permeability of the reservoir rock. Based on the recent modelling study using the simulator TOUGH-

FLAC reported by Figueiredo et al. (2020), it can be speculated that implementing temperature effects 

additionally can result both in decrease and increase of the permeability of host formation depending on 

the implementation of couplings, e.g. one-way or two-way coupling between THM processes. 
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Chapter 7 Conclusions and outlook 

In this cumulative doctoral thesis, hydraulic fracturing in hard rock is simulated for energy technologies 

at micro (laboratory), meso (borehole) and macro (reservoir) scales using different numerical methods, 

such as finite element method (FEM) + DFN (discrete fracture network), discrete element method 

(DEM) as well as hybrid finite-discrete element method (FDEM). The simulations aim at gaining 

insights into fracture growth, understanding parameters controlling the hydro-mechanically coupled 

processes as well as pointing out methodological challenges in simulating various fluid injection 

experiments. Below conclusions are made for the research questions proposed in this thesis. 

 

Hydraulic fracture growth in hard rock 

The numerical simulations show that during hydraulic fracturing into heterogeneous crystalline rock, 

new cracks in tension are induced in intact rock (mode I cracks in rock mass) and natural fractures are 

hydro-sheared (mode II failure of smooth joints). The induced cracks are generated at a fluid pressure 

required to overcome the tensile strength of the rock mass, and they are aligned approx. parallel to the 

maximum principal stress. The hydro-sheared pre-existing fractures have various orientations with a 

dominant direction according to the Mohr-Coulomb failure criterion. Since at an investigation length 

scale, fractures are dominantly present at REV (representative elementary volume) and sub-REV 

domain (Chapter 1.3.1), thus, the resulting hydraulic fracturing geometry will depend “locally”, i.e. at 

sub-REV and REV domain volume, on the geometry and strength of natural fractures, and “globally”, 

i.e. at super-REV domain volume, on far-field stresses. 

In this context, the following concluding remarks can be made on the direction of hydraulic 

fracture growth, the magnitude of FBP as well as the relationship between the location of forming 

microcracks and stress magnitudes, i.e. the shape of the process zone, in homogeneous (intact) rock, and 

in heterogeneous rock with single isotropic population of natural cracks. Regarding such pre-existing 

crack set, a distinction is made between that aligned parallel to and that inclined with the direction of 

maximum principal stress. 

• In intact rock, the direction of hydraulic fracture growth is controlled by the orientation of grain 

boundaries (or grains) and the orientation of maximum principal stress. In any grain assembly, 

first tensile microcracks will be generated at those boundaries that are aligned closest to 

maximum principal stress direction with the lowest tensile strength. The magnitude of FBP is 

determined by the microscopic strength of the grain boundaries, pressurization rate, fluid 

viscosity as well as the magnitude of minimum principal stress. The elevated tensile stresses 

and microcrack nucleation ahead of the tips of propagating hydraulic fracture suggest that the 

shape of the process zone is enlarged parallel to minimum principal stress orientation 

(perpendicular to hydraulic fracture axis) resulting in “kidney” geometry. 
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• In heterogeneous rock with single isotropic fracture set aligned parallel to the maximum 

principal stress, if natural fractures intersect the injection interval, first hydro-sheared 

microcracks are generated along those. The hydraulic fracture grows further until it reaches an 

area with different stress orientation due to stress contrast induced by the randomly oriented 

rock grains and the joint set. As a result, tensile wing cracks are generated at the tip of the partly 

pressurised shear cracks. The tensile microcracks are oriented en echelon, i.e. in a direction 

different from the maximum principal stress, because of the shear component on the main 

fracture locally imposed by the new orientation of minimum principal stress. Eventually, the 

hydraulic fracture grows further from a wing crack with a path following in principle the 

maximum principal stress direction. Regarding the FBP, due to hydro-shearing of the 

intersecting natural fractures, it is always lower compared to homogeneous rock case. Stress 

magnitudes are elevated compared to confining/far-field stresses parallel to the hydraulic 

fracture and these are non-altered away from the process zone. Perpendicular to the hydraulic 

fracture, the minimum stress magnitude is slightly elevated and the maximum stress magnitude 

is unaffected. Consequently, the shape of the process zone is elongated across the hydraulic 

fracture. 

• In heterogeneous rock with a single joint set aligned inclined with the maximum principal stress 

direction, the hydraulic fracture growth pattern is characterised by more en echelon oriented 

tensile wing cracks, which control the path of the hydraulic fracture. Once the hydraulic fracture 

leaves the wing crack, it reorientates parallel to the direction of maximum principal stress. The 

magnitude of FBP can be larger since the area of tilted natural structures to be fractured might 

be higher. Thus, the tilted structure can have larger volume for fluid storage. The shape of the 

process zone is elongated parallel to the hydraulic fracture. 

 

Hydro-mechanical coupling during hydraulic fracturing in hard rock 

In the numerical studies, the coupling between mechanical and hydraulic processes are analysed in terms 

of hydraulic aperture versus effective normal stress as well as the cross-scale dependence of FBP on 

minimum horizontal stress and injection rate. The former controls the matching procedure of simulated 

pressure response at the borehole against field recording. It is concluded that first, it is suggested to 

define separate coupling relationship for intact rock mass and natural fractures. Furthermore, both 

coupling relationships should be exponential. Third, verified simulation of hydro-shearing of natural 

fractures may require incorporating the effect of shear dilation (mode II) and jacking (mode I reopening), 

i.e. mixed-mode stimulation, as shown in the Pohang EGS reservoir simulations. 

Regarding the variance of FBP in the function of minimum horizontal stress, although no clear 

cross-scale relationship can be defined between the two variables, it is shown that the larger the 

minimum horizontal stress the larger the FBP becomes as expected based on Kirsch relationship (Zang 

and Stephansson, 2010). The lack of clear relationship can be explained by the manifold influence of 
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natural fractures, i.e. strength and geometry, on the FBP. On the other hand, the variance of FBP over 

cross-scale injection rate shows an exponential relationship. 

Based on the effect of studied parameters across scales, the relative importance of the factors 

influencing the magnitude of FBP in hard rock is as follows: 

1) Rock volume (length scale). The larger the rock volume, the higher the probability becomes 

observing lower FBP than expected in apparently homogeneous rock mass due to hydro-

shearing of pre-existing fractures. 

2) Intrinsic rock parameters, such as structural anisotropy (e.g. foliation, joints) and rock 

permeability. Microscopic properties of elements in heterogeneous models representing 

structural elements may trigger stress concentrations at the fracture tip and these may have 

higher permeability compared to homogeneous models. 

3) Fluid injection rate. Higher injection rates may result in higher FBP. This can be attributed to 

the strong effect of microscopic properties around the fracture tip. From a numerical point of 

view, microscopic elements in the studied homogeneous rock models have larger strength 

compared to those in heterogeneous models although the macroscopic parameters of both rock 

models are the same. Thus, the FBP in case of using a homogeneous model can became 

remarkably high. 

4) Fluid viscosity. Higher fluid viscosity may lead to higher FBP. In the borehole scale study, it 

is shown that low-viscosity fluid infiltrates into natural structure, e.g. foliation plane 

immediately and pressurises its entire surface. On the other hand, when high-viscosity fluid is 

used, fluid infiltrates slowly through the foliation plane, pressurises parts of its surface, thus, it 

makes the partly opened fracture tight. As a result, higher FBP is observed.  

5) In-situ stresses, static pore pressure, intact rock tensile strength as well as Biot’s coefficient 

according to the poroelastic hydraulic fracture criterion. Consequently, the classical poroelastic 

hydraulic fracture criterion may be used as a first attempt to estimate the magnitude of FBP 

prior to hydraulic fracturing treatment. Due to factors 1-4, it is suggested to conduct rock 

sample- or site-specific numerical modelling study in order to get a more realistic assessment 

for the FBP. 

 

Methodological challenges in the simulation of hydraulic fracturing in hard rock 

The application of various numerical models at different length and time scales for the simulation of 

hydraulic fracturing in impermeable crystalline rock allows identifying numerical challenges. It can be 

concluded that there is a clear gap between the capacity of simulation software and the complexity of 

studied problems. This is related to the nature of solvers in a way that the hydro-mechanically (H-M) 

coupled problem is either solved by simulating complex fracture geometry using a simplified physical 

model, i.e. the microscale study using Irazu and mesoscale study using PFC or solved using analytical 

solutions with a simplified fracture geometry, i.e. the macroscale study using FracMan. Furthermore, at 
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reservoir scale, due to the relatively high uncertainty of input data including precise structural geology 

information, fluid flow and fracture interaction mechanisms operating in situ as well as stress field, 

several model variants must be tested. Thus, computational costs can be very high for simulating 

complex hydraulic fracture networks. Furthermore, the many vagaries discussed above make the 

decision about the optimum code for modelling hydraulic fracture growth difficult. 

Consequently, the computational time of the simulation of complex hydraulic fracture 

geometries must be reduced while maintaining high fidelity simulation results. This can be achieved 

either by extending the computational resources via parallelization techniques (either locally or using 

cloud services) or running simulations using time scaling techniques proposed by Bunger et al. (2005) 

and Detournay (2016). The latter has the advantage that the number of independent variables is reduced, 

significant parameters or parameter groups can be identified and simulation results over scales can be 

compared directly. Alternatively, time scaling analysis can precede numerical simulations for reducing 

the number of sensitivity tests in the physical domain. 

 

Outlook 

The simulation studies reveal several aspects of hydro-mechanically (H-M) numerical models that can 

be the subject of future research. 

Regarding failure criteria, recent geomechanical studies, e.g. Dieterich et al. (2015) and Andrés 

et al. (2019), test the application of the state-and-rate friction law proposed by Dieterich (1992) and 

Dieterich (1994) for analysing fault slippage and associated induced seismicity. Since this criterion for 

fault slippage has been widely used in recent laboratory experiments (e.g. Xing et al., 2019), commercial 

code verified against this failure criterion may be released in the future. This criterion may enable the 

verified simulation of recorded hydro-mechanical-seismic (H-M-S) activity during fracturing treatments 

in geothermal reservoirs where various stimulation mechanisms are expected. 

In energy technologies, hydraulic fracturing often requires the consideration of extending the 

couplings by thermal and chemical processes as well (T-H-M-C coupling). However, the extension of 

couplings poses further challenges for numerical modelling. First, the significance of two-way coupling 

can be asymmetrical (Ahusborde et al., 2021). For example, on the time scale of a stimulation treatment, 

the effect of temperature change on mechanical properties (T→M: thermal stressing), that on hydraulic 

parameters (T→H: temperature-dependent fluid density and viscosity) and that on chemical processes 

(T→C: temperature-dependent reactions) can be different than the opposite way. These include the 

effect of mechanical changes on temperature (M→T: frictional heating), the effect of chemical processes 

on temperature (C→T: reactive heat) as well as the effect of hydraulic transport on temperature (H→T: 

advective heat transport). Second, from a methodological point of view, increasing the number of 

parameters results in higher computational costs which hinders filling the gap between the capacity of 

the H-M-coupled simulation software and the complexity of the studied problems mentioned above. 
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Therefore, it is suggested to weight the two-way couplings between the respective processes to maintain 

reasonable computational resources. 

The ongoing development of used and reviewed numerical tools focuses on tackling the 

challenges discussed above. For example, explicit borehole model and T-H-M coupling have been 

recently implemented in Irazu 2D in order to consider the compressibility of the total pumping system, 

and temperature effects, respectively (Geomechanica, 2020). 
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