SAPIENZA

UNITVERSITA DT ROMA

Numerical analysis of the influence of rock
mechanical properties and their heterogeneity on
the deformation and failure processes

Facolta di Scienze Matematiche, Fisiche e Naturali

Dipartimento di Scienze della Terra
Corso di Laurea in Geologia di Esplorazione

Laureanda Relatore
Ludovica Colotto Fabio Trippetta
Matricola Relatore esterno
1873803 Alessandro Brovelli

Anno Accademico 2023 - 2024



Table of Contents

I [0 4 e Yo [0 u o] o DU PP PP PP U PP PPPPPPPTROt 2
2. Theoretical FrameWOrK ........ooiiiiiiiiieee et e e e e e e e e e 5
2.1 Modified Cam Clay Model (MCCM) ...ccooiiiiiiiiii e, 5
2.2 Mohr - Coulomb MO ......ciiiiiiiieeee e e e 9
2.3 Modified Mohr - Coulomb model with endcap........ccuvvveeiiiiiiiieiiiiciee e, 12

T /=3 1 To o OO PP PP 16
3.1 Isamgeo Single Element Simulator and Isamgeo RockLab ............ceeeeeiiiiiieiiiiiineneennnnnns 16

R A LY 0 ¥ ={=To J CT=To ] o Yo IS UU PRt 20
3.3 ParaVieW c.ooooiiiiiiiiii 21
B8 GIMSN e e e e e e e e e e e nneeeeas 22
3.5 WOrkflow of the @nalysis .......cevvviuiiiiiiiiiieeiiccee e e e eeeeeees 23
3.6 Limitations of the Model ... 24
4. SIMUIAtioNs @Nd FESUIES ....cooeiiiieii e 26
4.1 Single element SIMUIGTIONS .....ciiiii i e e e e e e eeeearaaan 26
4.1.1 Punchbowl fault SIMUIatioNS ........coooiiiiiiie e 27
4.1.2 Fontainebleau sandstone simulations ...........ccooiiieiiiiieiinee e 33

4.2 Two- and three-dimensional simulations of 1ab tests ........c..ccceveiiiiieiiiiiiieeiees 36
4.3 Two-dimensional field-scale fault sSimulations............ccceeeiiiiiiiiiii s 42
4.3.1 Preliminary Simulations........coouuiiiiii e 46
4.3.2 Simulations with a pseudo-Gaussian materials distribution...........cccccoovviriiiinnnnnn... 49
4.3.2.1 Simulations with patches within fault plane and damage zone...........ccccccuue.... 55

4.3.3 Simulations on alternative fault geometries............ccccc 57

5. DISCUSSION .. s 59
5.1 Geometryofthefault...........ccc 59
5.2 Influence of friction angle............ooo 62
5.3 Presence of heterogeneities on fault plane.........cooovveiiiiiii e 67

B. CONCIUSION ..eiiiiiiii ettt e e e e bbb et e e e e e e s b rereeeeeeeaas 73
271 o] [ToT =4 =T o] o 1Y PP 75
Yo 01T o [ U UUS 82
Table Of Parameter RANEES . ...uu ittt e e e e et e e e e e e e e eeranae e as 82
Supplementary Simulation FIGUIES .......cooiiiiiiiiieee e e e e e 82



1. Introduction

Climate change is undoubtedly one of the most critical challenges of the 21st century, with
profound consequences for the planet and its inhabitants. Its impacts are increasingly evident
through rising global temperatures, accelerating glacier melt, and a surge in extreme weather
events (IEA, 2024). The main cause of global warming is attributed to excessive or uncontrolled
human consumption of fossil fuels, resulting in highly elevated levels of green-house gases,
especially CO3, in the atmosphere (Mac Dowell et al., 2017) Human activities, particularly the
burning of fossil fuels, have elevated CO, concentrations to unprecedented levels, with
emissions continuing to grow at an average rate of 2.6% per year despite global efforts to

reduce them (Roy et al., 2023).

To address the climate crisis, various strategies have been implemented, such as exploring
alternative energy sources with lower CO, emissions compared to conventional fossil fuels and
enhancing energy efficiency in devices, equipment, and buildings (Lee et al., 2016). In response
to this pressing issue, innovative technologies such as Carbon Capture and Storage (CCS) have
been developed to mitigate CO, emissions (Gholami et al., 2021). CCS involves capturing CO,
from large industrial sources, such as cement factories and steel production facilities,
transporting it through pipelines, and injecting it into deep geological formations for long-term
storage (lglauer, 2018). These formations include depleted hydrocarbon reservoirs, saline
aquifers, and coal seams, which are chosen for their storage capacity and containment
potential. Depleted hydrocarbon reservoirs, in particular, are attractive due to their proven
ability to trap fluids over geological time scales. However, this technology involves associated

safety and geological risks (Gholami et al., 2021).

One of the most significant challenges in CCS is ensuring the long-term stability and security
of the storage site. Fluid injection or extraction fundamentally alters the subsurface conditions
by increasing pore pressure and modifying the stress state of the reservoir. These changes
introduce several risks, such as induced seismicity and fluid leakage (White e Foxall, 2016).
Increased pore pressure from fluid injection reduces effective stress, potentially destabilizing
faults and causing seismic events, which can compromise reservoir integrity and damage the

infrastructures (Zoback e Gorelick, 2012). Additionally, fault slip may lead to increased



permeability, creating pathways for CO, to escape, posing environmental risks like

groundwater contamination and atmospheric release of CO, (White e Foxall, 2016).

In light of the risks involved, it is of the paramount importance to gain a comprehensive
understanding of the relationship between stress state, reservoir integrity and fault stability.
The investigation of key geomechanical parameters, such as friction, cohesion or elasticity

offers insights into fault stability and facilitates the development of predictive models.

To this end, numerical simulations have become indispensable tools, offering the possibility to
study the complex interplay between stress, pore pressure, and fault properties (White e
Foxall, 2016). By simulating the mechanical behaviour of faults under various conditions, these
models play a pivotal role in evaluate the likelihood of fault slip and reservoir integrity, allowing
the mitigation of risks and the prevention of induced seismicity. The complexity of these
processes underscores the critical need to deeply understand the interplay of various
geomechanical factors to refine the simulations. By integrating advanced knowledge of fault
properties and their interactions, numerical models can achieve greater accuracy ensuring the

safe and effective management of subsurface operations.

Accordingly, this thesis aims to identify the fundamental parameters that most significantly
impact fault stability and deformation processes and evaluate their influence. Through a series
of numerical simulations conducted using finite element analysis (FEA), this study analyses

how variations in material properties affect rocks behaviour.
The thesis is structured as follows:

- Chapter 2 will present the theoretical background on constitutive models, which are
mathematical frameworks used to describe the stress-strain behaviour of rocks and
their responses under changing stress conditions.

- Chapter 3 will describe the methodology employed for the setup of numerical
simulations and for the development of the model, including the assumptions that
were made.

- Chapter 4 will provide a presentation of the simulations, outlining the setup, key
parameters, conditions under which they were conducted and their outcomes.

- Chapter 5 will discuss the findings of the simulations, offering an interpretation of their

significance and a comparison with relevant literature.



- Chapter 6 will conclude the thesis presenting a concise overview of the principal

findings, emphasising their practical relevance and contribution to the field of study.

In conclusion, the objective of this study is to enhance the understanding of the conditions
leading to fault destabilization, thereby improving the reliability of numerical models
employed in seismic risk assessments and geomechanical predictions. By advancing our
understanding of rock and fault behaviour, the findings of this research contribute to the
development of safer and more efficient energy technologies, such as carbon capture and
storage (CCS). These advances are crucial for addressing the urgent challenges of climate
change, ensuring both environmental safety and the long-term sustainability of energy

solutions.



2. Theoretical Framework

Understanding of the mechanical behaviour of rocks or soils under different boundary
conditions is crucial for several reasons, such as for example prediction and mitigation of

natural hazards, buildings stability and so on.

Hence, a variety of constitutive laws, and thereby models, have been developed.
Fundamentally, they describe rock deformation and rock failure in response to an applied
stress (or vice versa) (Zoback, 2007). For this reason, these models are essentials to understand

and analyse the rock mechanical response under stresses.

Models like the Modified Cam Clay Model (MCCM) or the Mohr-Coulomb Model (M-C) with
its modified versions, are well-known and commonly employed in this field (Coombs et al.,

2013)

This chapter provides an overview of these models, which form the theoretical framework for
the experimental study presented in this thesis. Therefore, the key principles and the
equations governing the various models will be explained to then apply the model to the

experimental data.

2.1 Modified Cam Clay Model (MCCM)

The Modified Cam Clay Model (MCCM) is an isotropic, elastoplastic, strain hardening model
that describe the non-linear behaviour of soils or rocks, during processes such as

consolidation, shearing, and unloading.

The MCCM improves upon the original Cam Clay model (Cambridge Clay), by providing a more

accurate representation of the real response of the material.

The MCCM is fundamentally based on the concept of critical state soil mechanics, which
postulates that soils, upon undergoing a sufficient degree of deformation, will ultimately reach

a critical state where they continue to deform without any increase in stress.



One of the most important features of the model is its ability to represent the material
hardening, a decrease of the compressibility of the material at increasing stress, which is given
by compaction due to pore collapse during the increase of confining pressure or shear stress.

This compaction leads to an irreversible deformation (plasticity) and to a volume change.

To reproduce this ductile yielding behaviour, a yield surface (or endcap) is adopted, that is, a
boundary in stress space that defines the transitions from elastic to plastic deformation for a

rock (Zoback, 2007).

The model is usually described in terms of two stress variables, mean effective stress p’ and

deviatoric or differential stress g, defined as follows (Chang et al., 1999):

p’=1/3-(0’1+ 02+ 0'3)

g=0-1/3-(01+ 02+ 03)

where and 01, 02 and O3 are the principal stresses, 0’1, 0’2 and ¢’3 are the effective principal

stresses and O is the total stress tensor.

The yield surface of the MCCM is described by an elliptical equation. This ellipse, in the stress
space, has two advantages: the yield surface is capped (closed curve), which means the model
can simulate plastic deformations caused by isotropic compression, and can vary in size due to

increasing loads (hardening) (Miranda et al., 2020).

The ellipse (Figure 1) is defined by its semiaxes pc/2 (along the p’-axis), and M-pc/2 (along the

deviatoric axis) and it is given by the equation:

, (p’ = po>2
q
+ =1
M2 Po? Po® (1)
) 4

where ppis the pre-consolidation pressure and M is a critical state parameter which represents

the slope of the critical state line.

The graphic representation of the model is shown in the figure below.
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Figure 1 The yield surface (elastic limit) and the Critical State Line of the Modified Cam Clay model in the p’-qg-
space.

The critical state line (CSL) represents points where the soil reaches the critical state. The CSL
intersects the yield curve at the point at which the maximum value of q is attained,

corresponding to the apex of the ellipse.
Actually, M controls the shape of the yield cap, while po controls the width of it (Figure 1).

The pre-consolidation pressure (p’) is the maximum effective stress that rocks or soils have
ever experienced in their geological history. In other words, pre-consolidation pressure is the
highest stress that the soil "remembers" from its past loading history and gives information

about how it will respond to stresses.

Related to this, a fundamental parameter is the over-consolidation ratio (OCR), which is the

ratio of pre-consolidation pressure to current pressure:

OCR = Po (2)

)

0 o

where ¢’,, is the present effective vertical stress.

An OCR value of 1 represents a normal consolidation state; a state in which the maximum
stress level previously experienced by a material is the same than the current stress level. OCR
> 1 describes an over-consolidated state, indicating that the maximum stress level experienced

by the material is larger than the present stress level.

A normal-consolidated rock exhibits ductile deformation from the outset.



In contrast, for an over-consolidated rock subjected to loading, the initial response is nonlinear
elastic until the yield surface is reached, since it had already experienced that burden. Beyond

this point, the rock undergoes plastic strain, with the surface widening as compaction occurs.

Therefore, a notable aspect of this model lies in its ability to distinguish the material's

behaviour based on its consolidation state.

Specifically, the model differentiates between how a material behaves when subjected to the
virgin load (representing the first load of normal-consolidated rocks) and how it responds

during subsequent unloading and reloading cycles.

This ability to capture the distinct responses under different loading scenarios makes the
MCCM particularly valuable for predicting the mechanical behaviour of geologic materials

under various stress conditions.

In this context, several critical parameters used in the model govern these different responses

(Miranda et al., 2020):

e A, the compressibility index, that represents the elastoplastic behaviour;
e g, the swelling index, associated with deformations of purely elastic nature;
e e and eg, the void ratio and the void ratio to the reference stress respectively;

e v, the Poisson’s ratio, for unloading and reloading.

The model also operates on the fundamental assumption that there is a logarithmic
relationship between the mean stress and the void ratio (also interpretable as volumetric
strain €,,) (Wang et al., 2021) which captures the compaction process as the voids close under

increasing stress.
This relationship is clearly illustrated in the following equations (Miranda et al., 2020):

e=eo-A-Inp’ (virgin compression line) (3)

e=eo-k -Inp’ (swelling line or unloading/reloading line) (4)

The parameters A and k denote the gradient of the different lines.



These lines, represented in the e x In p' space helps to identify the different stages of material

behaviour during the consolidation process (Figure 2).

reloading

preconsolidation stress (p’.)

(P'o, &) Virgin compression line

unloading ®, e)

> In(p’)
Figure 2 Typical response of soil samples under isotropic triaxial compression. p’0 and e0 are the mean effective stress and

void ratio at the initial state; p’1 and el are the mean effective stress and void ratio after a loading process; p’2 and e2 are
the mean effective stress and void ratio after a loading process (Miranda, et al 2020).

Thus, the MCCM offers several significant advantages, including non-linearity, the ability to
distinguish between virgin loading and reloading/unloading, and its dependency on the void
ratio. For many applications, the model provides a reliable evaluation of in-situ stresses and

accounts for the geological history of the material.

However, there are some limitations, such as its current restriction to isotropic elastic

behaviour, despite the fact that rocks or soils like shale or sandstone often exhibit anisotropy.

Additionally, the model is less suited for accurately capturing shear strength behaviour,
particularly in rocks. Nevertheless, these limitations are generally not critical when evaluating

compaction and subsidence.

2.2 Mohr - Coulomb model

The Mohr-Coulomb model is an elasto-perfectly plastic constitutive model and it is extensively

used in geotechnical engineering and rock mechanics (Wang et al., 2021). It mainly describes



the behaviour of materials under shear stress and it is based on the Mohr-Coulomb failure
criterion (Zoback, 2007), which defines the conditions under which a rock will fail due to shear

(Coombs et al., 2013).

The model assumes that the material is isotropic and that failure occurs when the shear stress
on a plane within a material reaches a critical value that depends linearly on the normal stress

(Wang et al., 2021).
This linear relationship is expressed by the Mohr-Coulomb equation:

T=c+ o, U (5)
or
T=c+ o, tan(p) (6)

where:

e Tisthe shear stress at failure.

e (Cisthe cohesion of the material, representing the shear strength when there is no
normal stress.

e 0, is the normal stress on the plane.

e uisthe coefficient of internal friction, which represents the material's resistance to
shear. It is the ratio between shear stress and normal stress.

e (¢ is the angle of internal friction, which defines the maximum inclination of shear

stress before failure.

Hence, equations 5 and 6 describe the failure envelope, that is, the limit beyond which the
material will fail under the given stress conditions and it can be graphically represented by a

straight line in a shear stress (t) versus normal stress (o) plot (Figure 3).

The linear stress—strain relation in the elastic regime is described using a constant Young’s

modulus (E) and Poisson’s ratio (v) and assumed to follow Hook’s law (Wang et al., 2021).

Indeed, the model assumes that materials exhibit elastic behaviour until failure and after that,

the material behaves plastically, with a permanent deformation.



The model is represented using a Mohr’s circle, which illustrates the state of stress of the
material (Figure 3), and the diameter of the circle corresponds to the difference between the

maximum and minimum normal stresses, (g; and g3 respectively).

Each point on the circle’s circumference can be associated with a specific value of shear stress
and normal stress acting on a certain plane. Stress states that lie inside or outside the circle

are not defined within the model.
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Figure 3 Failure envelopes of rocks and three failure modes in the corresponding critical stress states determined by the
points of tangency of the stress circles with the Mohr failure envelope (Cen and Huang 2017)

The failure of the rock corresponds in the graph to the point where the circle intersects the

failure envelope; otherwise, any stress state below the line is stable.

As shown in figure 3, there are different modes of failure based on the stress conditions (Cen
& Huang, 2017). Actually, fractures that follow the Mohr-Coulomb criterion are only type C
ones (compression-shear failure). In fact, the Coulomb criterion does not successfully predict

tensile fractures, so different criteria are involved in that regime.

It is necessary to introduce another important concept: dilatancy. It refers to the volume
change that occurs in a material when it is subjected to shear stress, specifically, it describes

whether the material tends to increase its bulk volume (dilate) due to shearing.
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Dilatancy can be represented by the angle (W), that quantifies the volume change. A high
dilatancy angle means the material will expand significantly under shear, while a low or
negative dilatancy angle indicates compaction. This volume change behaviour is directly
correlated to the plastic flow rule, which governs how the material deforms permanently

under stress.

In a non-associative flow rule, the direction of plastic deformation, controlled by W, is different
from the direction of the stress causing the material to yield, allowing for more realistic

modelling of materials that may expand or compact in unexpected ways during failure

In general, the Mohr-Coulomb model is particularly useful for predicting the onset of failure in
soils, rocks, and other granular materials. However, the simplicity of this model means it may
not accurately capture the complex behaviour of all materials, particularly those that exhibit

significant plasticity or non-linear stress-strain relationships.

It follows that improved versions of the model have been developed through the years, such
as the modified Mohr Coulomb model combined with an endcap yield criterion, which is the

one that will be examined in the following section.

2.3 Modified Mohr - Coulomb model with endcap

The modified Mohr-Coulomb model extends the traditional Mohr-Coulomb failure criterion by
incorporating softening, hardening and the influence of the intermediate principal stress (02).
Softening is modelled by reducing cohesion and friction angle as the material deforms, while

hardening reflects the initial increase in strength with plastic strain.

The further integration of an endcap closes the yield surface at high confining pressures,

capturing the material volumetric response and preventing excessive compaction.

Both the Modified Mohr-Coulomb model and the endcap integrate hardening behaviour

through their yield surfaces.

This addition allows the model to more accurately simulate material behaviour, which may

exhibit both shear deformation and significant compaction depending on stress conditions.



Hence, the model employs the Mohr-Coulomb criterion to simulate brittle shear failure,
incorporating strain softening and dilatancy effects. Additionally, an elliptical cap is used to
represent elasto-plastic behavior, which includes both volumetric (volumetric plastic strain sf)
and deviatoric components of plastic strain. This approach accounts for irreversible
deformation mechanisms while also encompassing reversible elastic responses. (Hirakawa &

Ma, 2016).
The combined yield criterion is shown in Figure 4 and it represented in the p-q space.

As in the previous constitutive models, within the endcap and below the M-C failure envelope,

the material is stable and the behaviour is non-linear elastic.

The material will fail if the stress-path reaches the Mohr-Coulomb yield line or compacts if

instead reaches the elliptical yield surface.

q A Critical st{ate line
/1M

Pe p Py 0T e -
20 Ms 2)/ . 6\/\@{
—_ ’-’,-_ﬁ — *a\e J

I Stress
Yy, - path
/
/ P "\ Yield
/ jf surface
I ® >
—c-cotg P P

Figure 4 Schematic representation of Mohr-Coulomb model with endcap. Pc is the pre-consolidation pressure.
(Wang et al 2021)

The modified Mohr-Coulomb failure envelope in the p-q’ space is defined by the following

equation:
sin¢g -sinf
f=\/]_2-(cost9+(pT— Y -(2c0529—1)>— (Pm'sin<p+c -cos<ppeak)

(7)
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where ], is the second invariant of deviatoric stress, 6 is the Lode’s angle, ¢ is a parameter

scaling the impact of intermediate principal stress and p,,, is the mean pressure.

Lode’s angle, a stress invariant, is an important state variable in geomechanics, because it
helps distinguish between different stress states, such as whether a material is undergoing

compression, tension, or shear.

A key feature of this model, as mentioned before, is the possibility to adjust cohesion, friction
angle and dilatancy angle in the course of hardening or softening processes. This enables the
distinction between an initial, peak or residual value of these parameters, reflecting the

material behaviour as it undergoes deformation.

The material shows hardening, which is modelled by an increase of the friction angle from

Pini to q)peak:

k
((q)peak - q)ini) ’ Jzepl ) eglea - e;l) (8)

(p = (anL + peak
epl

where e, is the equivalent plastic strain and egleak is the equivalent plastic strain at peak

strength. The equivalent plastic strain is a scalar measure used to quantify the cumulative

plastic deformation in a material. It represents the accumulated irreversible (plastic) strain.

After that point, it exponentially decreases to its residual values:

peak

Q= ((ppeak - (pres) ' e_X(epl "l ) T Qres )

where y is a parameter that controls the decline of the friction angle.
For the dilatancy angle 1), the same hardening and softening rules are applied.

Cohesion is assumed to be constant until the peak strength is reached and then it declines

linearly or exponentially according to another parameter, n.

In this thesis, the modified Mohr-Coulomb model with elliptical endcap has been

predominantly employed in the numerical simulations, conducted using various software



tools. This model was chosen for its ability to accurately simulate different responses of rocks,

making it particularly suited for the geological and geotechnical contexts of the study.

In conclusion, by extending the traditional Mohr-Coulomb failure criterion, the endcap allows
for a more accurate simulation of non-linear behaviour, including plastic hardening and

irreversible volumetric changes.

However, this model still has some limitations, such as the assumption that the material is
isotropic, which may not accurately represent materials with anisotropic properties, such as
layered or fractured rocks. Moreover, the added complexity of the endcap increases

computational difficulty.

15



3. Methods

In this chapter are presented the methodologies applied to analyse, simulate and visualize the
geomechanical response of rocks. Several software tools were used, each of them has different
functions and was therefore used for different purposes (Medetbekova et al., 2022; Vejbaek

et al., 2017).
The software tools employed throughout the thesis were:

e [samgeo Single Element Simulator and Isamgeo RockLab - single element simulations.
e Gmsh - geometry and mesh creation.
e [samgeo Geotool - 2D and 3D simulations.

e ParaView — simulations visualization.

The following sections describe each software in detail, highlighting its specific role in this

study.

3.1 Isamgeo Single Element Simulator and Isamgeo RockLab

The Isamgeo Single Element Simulator is a computational tool used to simulate and analyse
the behaviour of a single finite element under various loading and boundary conditions. It

relies on the theory of finite element analysis (FEA) but on a simplified geometry.

Finite element analysis (FEA) is the process of predicting an object’s behaviour based on
calculations made with the finite element method (FEM). FEM is a mathematical technique
that reduces (or discretizes) complex systems into smaller, simpler geometrical units, named

“elements” (Bhavikatti, 2005).

Single element simulations (SES) are a specialized type of computational analysis used in the
field of FEA, where the focus is limited to analysing just one element rather than an entire

mesh. The assumption made is that stresses and strains are homogeneous within the element.

When performing these simulations, it is the FEA software that solves the constitutive model

equations, using the finite element method.



In this context, the Isamgeo simulator was used to model the response of rock samples under
different stress conditions, employing constitutive models like the Modified Cam Clay (MCC)

and the Modified Mohr-Coulomb with endcap models.

The key goal of these simulations is to test and validate these constitutive models and to
ensure that the software provides reliable and consistent results before applying it to more

complex geometries.

Figure 5 shows the Isamgeo RockLab interface, which is used to run SES. The main advantage

of this interface is its clear design that facilitates the user.

To start a simulation, it is necessary to setup the input data. The first step is to choose the type
of material (red rectangle in Figure 5), or rather, choose which constitutive model will be

employed by the software to simulate the deformation process of the sample.

Thereafter, the material parameters must be set (blue rectangle). The parameters vary

according to the constitutive model chosen.

Proceeding, the next step is establishing the initial conditions (green rectangle), in terms of

effective principal stresses, pore pressure, OCR and pre-consolidation pressure.

Finally, the loading steps have to be defined (yellow rectangle). As a starting point, various load
types can be selected to control the analysis. These loading methods include stress-controlled,
strain-controlled, creep, and others. Then it is possible to set the target stress or strain,
entering the load value (vertical load) and the radial value (horizontal load). The “Duration”

refers to the total time over which the simulation is run, or the entire process is modelled.

Finally, the number of increments, represents how the total simulation duration is subdivided
into smaller steps. Each increment corresponds to a discrete time step or load step, during
which the software calculates changes in system gradually. A higher number of increments

generally leads to more detailed and accurate results.
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Figure 5 Interface of Isamgeo RockLab used for the numerical simulations. The window displays input data,
material parameters, and loading conditions.

Once the simulation ends, the results can be visualized in the “Results” or “p’-q diagram” tabs

(Figure 6 and 7).
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Figure 6 Isamgeo RockLab - Results section. Main plot of the variables. The configuration panel on the right
allows for customization of the plot, including the selection of axis properties and data files for comparison.



The ‘results’ tab (Figure 6) allows the user to visualize different graphs, choosing which

property to visualise on the x-axis and which one on the y-axis.

Following this, in the third tab (Figure 7), there are 3 graphs: the primary one is a mean
effective stress vs deviatoric stress plot, while on the right there are two smaller diagrams

showing how stress or strain evolves over time.

This section offers interactive graphs that simplify the understanding of the constitutive
models and help understanding the evolution of material behaviour or of material variables,

such as the cohesion or the friction angle, throughout the simulation.
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Figure 7 Isamgeo RockLab - p'-q diagram section. The left plot shows the p'-q diagram. The top-right plot shows
the plastic volumetric rate over time, while the bottom-right plot illustrates the evolution of axial stress (o,) with
time.

In order to better understand how the interface operates and how the software works, a series

of simulations were conducted to reproduce real laboratory experiments.

In addition, to test the reliability of the models and software, the results of the simulations

were compared with laboratory measurements.

In conclusion, the simulator was employed because it enables fast simulations, as it focuses
on a single element, making the results easier to analyse. However, a key limitation is that
single element simulations may not fully capture the complexity, and interactions present in

real structures or more complex systems.
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3.2 Isamgeo Geotool

The Isamgeo Geotool is another tool, that allows to run all types of simulations in the field of
FEA, not only the single element ones. Hence, bi-dimensional and three-dimensional

simulations were conducted.

ISAMGEO tool - o X

Rootname: G382

ISAMGED Directory: /Work02/ludovica/fault
Host: luccio

root | incwel | start | th | build | gen3d |
directoryl mazg | g2mov | r2mov | secth |m smplmv |

help | TH?x1s | pre? | movie | sig2mv | topZ2mov | quit

Figure 8 ISAMGEQ tool interface used for running geomechanical simulations. Several function buttons are
available, including commands.

The tool structure is simple, as shown in Figure 8. To start a simulation, the “solver” button
must be selected and then the input file chosen. The input file contains all the necessary
information and parameters, the same as those entered in the Isamgeo RockLab interface,

thus material type, initial stress conditions, materials parameters and loading steps.

Geotool simulations go further than single element analyses up to the complete geometry of
the sample. Therefore, when multiple materials are present, each material can be assigned its

own distinct properties, allowing for a more realistic representation of the actual conditions.

Once the simulation is complete, the “r2para” button is used to convert the files into the

format supported in software employed for the visualization.



3.3 ParaView

ParaView is an open-source software designed to visualize and analyse scientific data,
especially for large-scale simulations, providing an intuitive environment for complex

simulation results.

The software provides a clear graphical interface that allows users to interactively view and
manipulate scientific data, such as stress, deformation and other relevant physical quantities
in both 2D and 3D formats, facilitating a better understanding of the rock's response under
stress states. It offers a wide range of visualization options, including colour mapping, to
represent variables and see how they change spatially and temporally, or graphs generating

plots to examine data.

Figure 9 shows the user interface of ParaView: the central part of the screen is the render
window, where the 2D or 3D visualization of the file is displayed; on the left, there is the
properties panel that allows users to control aspects like scalar colouring and rendering styles,
while the toolbar at the top provides options for interacting with the data, such as rotating,

zooming, and time navigation.
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Figure 9 ParaView main window. The main window shows the model geometry.
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In this thesis ParaView was used to visualize and analyse the results obtained from the

simulations that were imported from the Geotool.

3.4 Gmsh

Gmsh is an open-source finite element mesh generator widely used to create and export
meshes in various formats compatible with FEA solvers, making it a versatile tool for setting

up simulations.

Figure 10 illustrate the main window of Gmsh, where the central section displays the project,
while on the left side the software provides various functions and options to build the

geometry and the mesh.
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@) Delete

save
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Figure 10 Gmsh — example of geometry and mesh generation. The main panel display the model. The left panel
allows users to define, refine, and manipulate the mesh.

It is possible to choose the dimension of the elements forming the mesh, according to the

needs of the study, their shape and the algorithm used for meshing.



Generally, for the purposes of this thesis, smaller element sizes were employed in areas that
require higher accuracy and focus, resulting in a denser mesh in those regions, as illustrated in

the figure below.

3.5 Workflow of the analysis

This section will provide a deeper explanation of the objective for which the recently

introduced software has been employed.

The primary goal was to progressively increase the complexity of the simulations in order to

better understand the geomechanical behaviour of the materials.

The Isamgeo RockLab and the Geotool were used for a series of simulations, starting with
simple single-element models to understand rock behaviour and the software capabilities,

before progressing to more complex two- and three-dimensional tests utilising the Geotool.

ParaView was used to visualize and analyse the simulation results from Isamgeo Geotool. After
each simulation, it helped track how the tests evolved over time, showing clear visuals of
stress, strain, and material deformation. This was key to understanding how the materials and

faults behaved dynamically throughout the study.

In the final phase of the project, upon further familiarisation with the simulation, the Gmsh
software was introduced. Gmsh was employed to generate customised scenarios, modelling
geometries which included the necessary features for the comprehensive completion of the

study.

In conclusion, each tool made a specific and valuable contribution to the study, from the initial
stages of exploration to the more advanced modelling. This allowed for a comprehensive and

detailed investigation of the geomechanical processes under examination.
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3.6 Limitations of the model

The fault model employed in the final phases of the study is subject to certain limitations due

to assumptions and simplifications necessary to avoid excessive computational complexity.

The first limitation concerns the simplified geometry of the entire model. the fault zone was
schematically represented as a linear structure, extending from a depth of approximately 2
kilometres to the surface, omitting curvatures, segmentation, or dip angle variations. In order
to avoid complications associated with the generation of quadrilateral mesh cells, the
termination of the fault at depth was designed with a sharp geometry. Similarly, the damage
zones followed a linear geometry parallel to that of the fault, with no gradual transition into
undeformed rocks and a sharp termination like the fault. The surrounding host rocks were

modelled as homogeneous areas lacking lithological stratification.

Furthermore, the fault zone model is two-dimensional (2D), which limits its capacity to fully
capture the complexities of fault systems, particularly with regard to out-of-plane stress

variations and three-dimensional fault interactions.

The simulations were set with a duration of 300 years; however, a time-dependency of zero
was assumed by setting the material viscosity to zero. This assumption implies that the
material behaviour is not time-dependent, and the temporal evolution of stress and strain may
have been not accurately captured. Consequently, time-dependent processes, such as creep,
viscoelastic relaxation, and the progressive development of stress and strain, were not

properly represented in the model.

The model does not incorporate fluid circulation, excluding critical processes such as chemical
dissolution and cementation, which are essential in modifying fault and host rock properties
over time, influencing the permeability of the fault plane. More importantly, it neglects the
potential effects of overpressures on fault. This omission reduces the model capacity to
represent the dynamic interactions and mechanical responses that may arise under conditions
of fault activation or reactivation, influenced by fluid migration and pressure changes. In order
to address this limitation, heterogeneities were introduced on the fault plane with the
intention of facilitating the integration of these processes. However, these heterogeneities

could not evolve during the course of the simulation.



These limitations highlight the balance between maintaining model simplicity and achieving a
realistic representation. The approach prioritises specific parameters while ensuring that the
computational complexity remains within manageable limits. However, this approach limits

the possibility of fully replicating real-world scenarios.
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4. Simulations and results

This chapter presents the results of the simulations conducted during this thesis, which were
performed in order to gain insights into the influence of rock mechanical properties on the

overall behaviour of the deforming system.

The initial simulations were conducted using the single-element simulator, Isamgeo RockLab,
with the objective of becoming familiar with the software, verifying its reliability, and starting

to study the parameters that govern the constitutive models.

Once a comprehensive understanding of the software had been achieved, the simulations
were extended to two- and three-dimensions, using the Isamgeo Geotool, to increase the

accuracy and realism of the model.

The final step of the analysis involved the construction of a two-dimensional fault zone
geometry, with the aim of integrating the acquired comprehension of rock behaviour, as

developed in preceding stages, into a scenario that more closely resembles reality.
This chapter is structured in three parts:

1. the presentation of single-element simulations
2. the examination of two- and three-dimensional simulations

3. the simulations conducted on a 2D fault geometry.

4.1 Single element simulations

These initial simulations were conducted by modelling pre-existing laboratory experiments

and subsequently comparing the results to validate the stress-strain constitutive model.

The modelling process was conducted using data obtained from two distinct sources. The
initial data were derived from the findings of Chester and Logan's (Chester e Logan, 1986),

while the second dataset was obtained from experiments conducted at the INGV (National



Institute of Geophysics and Vulcanology) (Bigaroni et al., 2019). Both datasets are related to

triaxial experiments.

4.1.1 Punchbowl fault simulations

The first data came from the work of Chester and Logan (1986). The article focused on the
study of the mechanical properties of faults, with particular importance on the Punchbowl
fault, an inactive fault that was once part of the larger San Andreas Fault system. The fault
juxtaposes arkosic sandstones of the Punchbowl! Formation and rocks of the San Gabriel
basement complex (Li, 2001). It consists of a zone of damaged rock bounding a core of

cataclastically deformed rock containing a continuous ultracataclasite layer.

The authors conducted a comprehensive study, with a particular focus on the brittle behaviour
and the frictional properties of the fault surface. Additionally, they conducted experiments on

different rock samples to gain insight into their mechanical response.

Figure 11 illustrate the results of their triaxial experiments, showing the relationship between
axial strain and differential stress. The graph illustrates the data obtained from six experiments
conducted on two distinct samples: the undeformed sandstone from the Punchbowl formation
and the fault gouge. Each sample was tested at three different confining pressures (50, 100,

and 150 MPa).
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Figure 31 Differential stress versus axial strain plot of 6 different triaxial experiments. Undeformed sandstone
(solid line) and intact gouge (dotted line). (Chester & Logan, 1986)

The results indicate that the two samples exhibited different mechanical responses. The
observed behaviour of the fault gouge (dashed line in Fig 11) is consistent with that of a
hardening system, as evidenced by its continuous increase in differential stress in response to
an increasing deformation. In contrast, the undeformed sandstone (solid line) displays brittle
failure, as illustrated by the clear peak in the stress-strain curve that is followed by a drop in

stress.

In this thesis these experiments were modelled using the Isamgeo RockLab interface. Given
the different responses observed among the two samples, it was necessary to employ a

different constitutive model in each case.

Starting with the fault gouge simulations, the MCCM was used, since this model accurately

captures the hardening behaviour.
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Figure 12 Isamgeo RockLab interface of the simulation software displaying the setup for the triaxial test. The
input parameters include material properties such as Kappa, Lambda, and initial stress conditions. The analysis
is strain controlled, simulating the response of the sample under controlled conditions.

Figure 12 illustrates the input data for the simulation of the fault gouge with 50 MPa of
confining pressure. So, the values of the effective stresses were set at 50 MPa, thus starting

from an isotropic condition.

These analyses were strain-controlled, that is, the strain rate of the sample is controlled and
kept constant, while the stress that develops in response to the deformation is measured.

These kinds of tests are useful to study the rock behaviour under continuous deformation.

In this case, the “load” value represents the total strain that the material is expected to
accumulate. This value was set based on the reference data from the plot presented in the

paper (max 10% meaning a total strain of max 0.1).

As Chester e Logan (1986) do not provide the material parameters, they were first inferred
from the literature for similar materials (French et al., 2016) (Kim et al., 2016). After the first
simulations using literature parameters, a manual back analysis was performed to identify the
optimal parameters to achieve comparable results between the model and the laboratory
data, thereby enabling the determination of the primary properties influencing the rock

behaviour. The same workflow was followed for the simulations at 100 and 150 MPa of
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confining pressure. The best matching results of this set of simulations are presented in Figure

13.
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Figure 13 Comparison between the fault gouge simulations and the experimental data in a differential stress
versus axial strain graph. The blue line represents the result of the model. (a) simulation at 50 MPa confining
pressure. (b) simulation at 100 MPa confining pressure. (c) simulation at 150 MPa confining pressure.



In order to facilitate the comparison, simulation results were plotted on a graph of deviatoric
stress versus axial strain and overlaid with the figures of the original paper (as raw data are
not available). The use of deviatoric stress rather than differential stress does not affect the
results, as in triaxial tests 0, = g3. Consequently, the deviatoric stress simplifies to 0:-03, which

is identical to the differential stress in this context.

As illustrated in figure 13, the final model results well reproduce the curves obtained in the
laboratory, with realistic model parameters, providing evidence of the model ability to

reproduce the lab experiments.

It was observed that the primary parameters that influenced the behaviour of the rock were A
and k. Indeed, these two parameters significantly influence the deformation behaviour and

mechanical response, as they are directly related to the elasticity and plasticity of the material.

The same analysis was conducted for the undeformed sandstone but employing the Modified
Mohr-Coulomb model with endcap as constitutive law, which is more suitable for modelling
failure. The material parameters to set were different, employing the Young’s modulus, the
Poisson’s ratio, the friction angle, the cohesion, the dilatancy angle and the parameters
controlling the decline of the friction angle and cohesion, x and n, respectively. In this instance
again, some parameters were first taken from literature (Hirakawa & Ma, 2016) (Kitajima et

al., 2010). The most representative results of this series of simulations are presented in Figure

14.
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Figure 14 Comparison between the undeformed sandstone simulations and the experimental data in a
differential stress versus axial strain graph. The blue line represents the result of the model. (a) simulation at 50
MPa confining pressure. (b) simulation at 100 MPa confining pressure. (c) simulation at 150 MPa confining
pressure

The modelled curves show qualitative similarity with the experimental data, closely matching

the results observed in the laboratory tests.

As it can be inferred from figure 14, the value of the maximum deviatoric stress before rupture
is analogous in the simulation and in the laboratory tests. Following the peak strength and
subsequent failure, the model is no longer capable of accurate numerical representation, and
therefore shouldn’t be considered. This limitation is a consequence of the fact that the
simulations are one-dimensional, which inherently precludes the localisation of stress. The
stress distribution within the sample is three-dimensional, a complexity that the model is

unable to account for.

In this case, the primary parameters governing the mechanical response of the rock in the
simulations were identified as follows: Young's modulus, which controlled the stiffness during
the initial load; the friction angle, especially its peak and residual values, which together with

the cohesion controlled the failure.



4.1.2 Fontainebleau sandstone simulations

The second dataset was obtained from triaxial experiments conducted at INGV on the BRAVA

(Brittle Rock deformAtion Versatile Apparatus) rock deformation apparatus.

These tests were performed on Fontainebleau sandstone samples, a hard consolidated
sandstones, sometimes corresponding to quartzites, that originates from the upper part of the

Rupelian Fontainebleau Sand Formation (Pimienta et al., 2014).

During these experiments, several variables such as axial strain, deviatoric stress, mean
effective stress and others were continuously recorded. Ancillary information concerning the
test setup, initial and boundary conditions, porosity of the samples and Young's modulus were
also provided. In particular, in this thesis three experiments were analysed and then modelled:

b-848, b-849 and b-951 (Table 1).

Table 1. Summary of the parameters: simulation ID, porosity, Young’s modulus, effective

confining pressure and deviatoric stress at peak (Qpeak).

Simulation Porosity (¢) Young’s modulus Eff. conf. pressure Qpeak
% (E) (MPa) (MPa) (MPa)
b-848 16.3 + 0.2 11500 4 73
b-849 16.3 + 0.2 13400 10 113
b-951 26.31+0.2 7800 6 64

These data allowed the experiments to be modelled using the SES (Single Element Simulator),
with the aim of further testing the software and investigating the rock parameters in more
detail. As for the previous dataset, a manual back-analysis was performed to identify the most

appropriate parameters.

During the laboratory tests, the specimens reached failure and, thanks to the continuous
recording throughout the test, the peak differential stress was recorded (Table 1). This value
was useful to confirm that the same stress level was reached in the model before the stress

drop occurred.
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Since the sample failed in a brittle way, the Modified Mohr-Coulomb model with endcap was

employed.

It was possible to import the recorded laboratory data of axial strain and differential stress into
the Isamgeo RockLab tool, where they could be plotted in conjunction with the simulation
data. This facilitated a more precise and comprehensive comparison and evaluation of the

data.

Figure 15 presents the outcomes of simulation b-848, illustrated in an axial strain versus
deviatoric stress plot. The latter presents two distinct curves: a blue curve that represents the

model result and a red curve, which corresponds to the triaxial experimental result.
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Figure 15 Comparison of deviatoric (Von Mises) stress versus axial strain of simulation b-848. The blue curve
represents the model outcomes, while the red curve corresponds to the experimental dataset.

As can be seen in Figure 15, in the initial stages of the process, the two curves do not align
perfectly. The simulation curve exhibits a linear trend, whereas the experimental curve
displays a first part with positive curvature. This discrepancy can be attributed to the initial
pore closure observed in the specimen during the laboratory test. This phenomenon can be
attributed to the presence of voids within the sample material; when initial compression is
applied, especially at low pressures, the pores tend to close due to mechanical deformation

before the material begins to behave elastically or plastically. In contrast, the numerical model



employed by the software assumes linear elastic behaviour up until the point of failure,

without incorporating any pore closure. This explains the divergence between the

experimental and simulation curve in the initial stages. After this initial discrepancy, the

simulations exhibit a comparable trend to that observed in the laboratory tests, particularly

with regard to the Young’s modulus and to the peak point.

Simulation b-849 yielded comparable results to the experimental data (Figure 16). As observed

previously, a slight discrepancy is evident at the initial stage of the stress-strain curve.

However, the slope of the curve, representing the Young's modulus, aligns well with the

laboratory test, indicating that the elastic behaviour of the material was accurately modelled.

It is notable that the peak stress before failure is nearly equivalent to the value recorded in the

laboratory test, thereby confirming that the simulation effectively replicates the critical stress

conditions that lead to specimen failure.
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Figure 16 Comparison of deviatoric (Von Mises) stress versus axial strain of simulation b-849. The blue curve represents the
model outcomes, while the red curve corresponds to the experimental dataset.

The outcomes obtained from simulation b-951 were very accurate (Figure 17), demonstrating

a near-perfect alignment with the trend of the triaxial experiment. The only difference

between the two curves is at the outset of the tests, as in the preceding simulations, due to
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the fact that the model does not take into account the phenomenon of pore closure as

occurred in the laboratory test.
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Figure 17 Comparison of deviatoric (Von Mises) stress versus axial strain of simulation b-951. The blue curve
“DF1T” represents the model outcomes, while the red curve corresponds to the experimental dataset.

In this set of simulations on Fontainebleau sandstone, the angle of friction was one of the most

influencing parameters in governing the behaviour of rocks.

4.2 Two- and three-dimensional simulations of lab tests

Following the achievement of a satisfactory match with the single-element simulator, the
simulations on Fontainebleau samples were extended to two- and three-dimensional models

using the Isamgeo Geotool.

This extension aimed to improve accuracy by overcoming the limitations of single-element
models, which simplify the system and often miss important interactions and rely on over-
simplified boundary conditions. Actually, 2D and 3D models can capture spatial variability of

material properties and of the stress field, as well as the geometric complexities, resulting in



more accurate and reliable outcomes. In fact, these simulations are conducted on complex
geometries subdivided into cells, named elements, which collectively form a mesh
representing the overall structure. The latter can be subdivided into distinct sections or areas,

each of which may be associated with one or more materials.

The geometry to simulate a triaxial experiment setup consists of five distinct sections: the
specimen at the centre, two pistons above and below, and two filterstones between the

pistons and the sample.

Figure 18 displays an example of the structure in three-dimension and illustrates the
employment of different materials for different areas. The pistons (in blue) and the filterstones
(thin layer in light blue) make use on one material each (material 1 and 2, respectively), while
the sample is composed of ten randomly distributed materials to create heterogeneity. No

spatial correlation is introduced at this stage in the random field.
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Figure 18 3D visualization of a triaxial experiment setup in ParaView. The model includes two pistons (in blue),
two filterstones adjacent to the pistons, and a central sample. Different materials were employed for different
sections.

Each material is associated with a specific constitutive model. In the case of the presented

geometry, the piston is modelled as an elastic-perfectly plastic material, the specimen
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materials are modelled using the Modified Mohr-Coulomb model with an endcap, and the

filterstones as an anisotropic elastoplastic material.

These simulations make use of the Cosserat continuum (Zalohar, 2018), which is particularly
useful for modelling rocks or materials with microstructures, such as fractures, faults, or grain
boundaries. Unlike classical continuum mechanics, which assumes that material points can
only translate, the Cosserat continuum also accounts for microrotations of particles, capturing
the behaviour of materials where rotations and internal structures influence the overall

deformation (Huang e Xu, 2015).

In FEA (Finite Element Analysis), the Cosserat continuum is often applied in conjunction with
constitutive models like Mohr-Coulomb, as these models capture the nonlinear plastic
behaviour where fracture, slip, and strain localization are governed by microstructural effects

(Zalohar, 2018).

Thus, the Cosserat continuum is employed for the geological materials, for example those that

constitute the sample.

The Fontainebleau triaxial experiments were simulated in both two- and three-dimensions.
The geometry and material setup presented above were employed for the three-dimensional
(3D) simulations. In comparison, the two-dimensional (2D) plane-strain simulations employed
simplified geometry, utilising only one homogeneous material to characterise the entire rock

sample, in contrast to the 3D model which employed ten materials.

To run the simulations, Geotool was used with particular input files that specified the material
properties, stress conditions, type of analysis, and load values. In order to maintain consistency
with the simulations performed in SES, the same data entered into Isamgeo RockLab were
incorporated into the Geotool input files for both 2D and 3D models. Since the 3D sample was
divided into multiple materials, the difference in the input data with respect to the SES was
that slightly different parameter values were assighed to each material to introduce

heterogeneity.

The simulations began with the 2D model due to its computational simplicity. By assuming
plane strain, the 2D simulations reduce the problem to two dimensions, simplifying the

numerical process and allowing for faster computation, though at the cost of reduced accuracy



as out-of-plane stresses and deformations are neglected along the third direction (the z-axis)

(Beheshti, 2017).

The three triaxial tests, b-848, b-849 and b-951, were simulated and visualised in ParaView. In
each case, the outcomes showed the formation of a shear band in the middle of the rock
specimen, confirming the failure as observed before. Also, the differential stress values
reached prior to failure were consistent with those measured in the laboratory and observed

in the single-element model.

Figure 19 provides a visual representation of the shear band observed in one of the triaxial
tests, here shown for test b-951, exemplifying the failure behaviour consistent across all
simulations. Left side of Figure 19 presents the entire geometry (pistons and filterstones
included) and displays the "Equivalent Plastic Strain" (EPS) variable throughout the model. This
variable was employed as it quantifies the accumulated plastic deformation, thereby
facilitating the visualisation of the shear band, given that the rupture results in substantial

plastic deformation in that region (red area in Figure 19).

The graph on the right side of Figure 19 illustrates three curves that represent the evolution of
mean effective stress (green curve), differential stress (red curve) and vertical stress (blue
curve) over time of a single element of the mesh, selected within the sample. This provides

evidence that the specimen underwent failure, as evidenced by the stress drop.
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Figure 19 Simulation b-951 visualised in ParaView. The left panel shows the “Equivalent Plastic Strain” variable
along the model, showing the shear band in the middle of the rock sample. The right panel displays variables
through time: the red curve represents the differential stress, the green curve represents the mean effective
stress, and the blue curve represents the vertical stress.

Employing the same values entered into the SES led to the same outcomes in the two-
dimensional simulations, aligning also with the laboratory results. Following the performance
of two-dimensional simulations, three-dimensional simulations were conducted because,
despite the increased computational demands, they provide enhanced accuracy by capturing
the full behaviour of the system in all three spatial dimensions. The outcomes of these
simulations showed different response of the rock in relation with previous results. In the
initial simulations, where same parameters to those utilized in previous tests were employed,
revealed no evidence of stress localization and shear band formation; rather, a quite
homogeneous distribution of EPS was observed. Figure 20 illustrates the results of simulation

b-951, highlighting the absence of distinct shear failure features within the sample.
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Figure 20 Simulation b-951 in 3D. Equivalent Plastic Strain variable throughout the model. The rock sample
shows no clear shear bands.

To further investigate this phenomenon, additional tests were conducted, in which individual
parameters were systematically modified in order to identify their influence on the behaviour.
In particular, a reduction in cohesion (i.e., from 8-12 MPa as in the previous simulation, to 2.5

MPa for test b-951) was the primary condition that led to the failure the sample (Figure 21).
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Figure 21 Simulation b-951 in 3D. The Equivalent Plastic Strain variable shows the presence of concentrated
plastic strain indicating a shear band within the rock specimen.
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In summary, the 2D and 3D simulations highlighted key differences in their approaches and
outcomes. The 2D model, with its simplified geometry and homogeneous material properties,
provided a computationally efficient but less detailed representation. In contrast, the 3D
simulations incorporated material heterogeneity, allowing for a more accurate depiction of
complex interactions and out-of-plane effects. While the 2D simulations successfully
reproduced experimental results, the 3D model required adjustments, such as lowering

cohesion, to replicate the formation of shear bands observed in laboratory experiments.

4.3 Two-dimensional field-scale fault simulations

With the knowledge gained from the previous phases, a 2D simplified representation of a field-
scale fault zone geometry was developed. The aim was to gain a deeper understanding of how
rock properties impact the overall fault mechanics, extending the findings of the previous

steps.

In order to create a realistic scenario, the case study of Smeraglia (Smeraglia et al., 2014) was
used as a reference. The paper analyses a fold-and-thrust belt characterized by the occurrence
of several carbonates thrusted onto siliciclastic foredeep deposits in the Central Apennines.
This area is composed of three main zones: the fault core, the surrounding damage zone, and
the undeformed host rocks. This structure of the fault zone has been recreated to understand
how different rock properties and boundary conditions influence the deformation or failure

processes. The geometry of this fault zone was designed using the software Gmsh.

In Gmsh, the fault zone was constructed by first creating the necessary surfaces, such as the
fault plane and surrounding damage zone. Once the surfaces were defined, a mesh was
generated by discretizing these surfaces into smaller elements suitable for numerical

simulation. The resulting mesh was then used as input for the simulations.

Figure 22 illustrates the model visualized in ParaView, displaying the materials variable. The
geometry is an oversimplified representation of a thrust zone, which features two undeformed

host rocks, limestone on the left (blue area) and sandstones on the right (light blue area), their



respective damage zones and finally a fault plane (red) between them. The geometry does not

include topography or stratification of rocks, in order to avoid excessive complexity in the

simulations. As it can be seen in Figure 22, each zone was associated with a different material,

enabling the setting and the customization of different parameters in accordance with the type

of rock and the degree of deformation.
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Figure 22 Schematic representation of a fault zone visualized in ParaView, showing different areas and
materials. Carbonates are on the left (blue) and sandstones on the right (light blue) with their respective
damage zones. The fault is in the centre (red).

Additionally, an external buffer (red area in Figure 23) was added to allow for the application

of tectonic stresses. This buffer should be regarded as a way to reduce the effect of the model

boundary conditions on the central part of the model, that reproduces the case study.
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Figure 23 Geometry of the fault zone plus the external piston (red area) to account for the tectonic stress. The
stress was applied along the left side; the surface and the left edge were unconstrained; the right edge was
constrained along the x-axis (no horizontal displacement); the bottom was constrained in the y-axis (no vertical
displacement).

As with the previous simulations, a constitutive model was assigned to each material: the
piston was modelled as an elastic material to ensure a uniform force distribution across the
fault zone, while the actual geological materials were modelled using the Modified Mohr-
Coulomb with endcap model. The Cosserat continuum was also employed for these latter

materials.

The objective of this final step of the thesis was to establish whether the parameters that had
been previously adjusted to optimise the fit of the simulations were, in fact, the principal

factors influencing the mechanical behaviour of the rock.

Some material properties, including Poisson's ratio, Young's modulus, and porosity, were taken
from the literature for both the host rock, fault damage zone, and fault core (Smeraglia et al.,

2014) (Trippetta et al., 2017).

The parameters employed for the sandstone host rock were those obtained from simulations

conducted on Fontainebleau sandstone samples.

With respect to the fault materials, the value of cohesion was set to zero, reflecting the

assumption of a pre-existing fault for which cohesion is typically minimal. Although, in reality,



cohesion is not exactly zero due to processes such as cementation and healing, this
simplification was adopted to avoid over-complicating the model. As a result, cohesion was

not analysed in the final stage of simulations.

The values assigned to Poisson's ratio and Young's modulus for materials situated within the
fault zone were initially sourced from existing literature (Trippetta et al., 2017). These were
subsequently adjusted in conjunction with other parameters, such as initial, peak, and residual
friction angles, throughout the course of the analysis in order to explore their impact on the

model behaviour.

By adjusting these variables, it was possible to investigate the sensitivity of the fault response
to different mechanical properties. This iterative process allowed for a complete evaluation of

the fault mechanics across a range of conditions.

In establishing the initial (in-situ) stress condition, it was assumed that pressure increased with
depth in accordance with the lithostatic pressure gradient, from the surface (depth = 0 km) to
the bottom of the geometry (depth = 9 km, including the piston) and the pore pressure

assumed as hydrostatic.

In order to simulate a compressive regime, where the hanging wall thrust over the footwall,
specific boundary conditions were applied across the entire geometry. The stress was applied
exclusively along the left side, with only the surface and the left edge unconstrained and

therefore free to move.

On the opposite side, the right edge was constrained along the x-axis, meaning no horizontal
movement was permitted, but it was free to move vertically along the y-axis. Meanwhile, the
bottom of the structure was constrained in the y-axis, preventing vertical displacement, while

being free to move in the x-axis direction.

The analysis was conducted under stress-controlled condition, whereby the stress applied is
predetermined and distributed throughout the simulation. As the depth of the geometry

increased, the load value added to the lithostatic stress was increased in proportion.

The following section will present and illustrate several of the conducted simulations, together

with an explanation of the workflow.
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4.3.1 Preliminary simulations

In their study, Smeraglia et al. (2014) employed a paleo-stress reconstruction to ascertain the
potential stress conditions that may have led to fault reactivation. Building upon this approach,
one of the objectives of the simulations was to investigate whether analogous stress

conditions might result in fault rupture or failure within the model.

The initial assumption was that the fault was constituted by a single, homogeneous material.
This preliminary configuration was designed to ascertain whether, despite the aforementioned
simplifications, the model could potentially exhibit signs of mechanical instability or rupture

under the applied stress conditions.

Figure 24 presents the outcome of the initial simulation. In particular, the image illustrates the
distribution of the Von Mises stress variable throughout the geometry. The Von Mises stress is
a scalar value and is directly proportional to deviatoric stress. This methodology was employed

in order to predict whether a given material would yield or fracture.

As illustrated in Figure 24, the stress values along the fault plane are relatively low and
distributed uniformly, with no detectable concentration of stress. It can be observed that the
accumulation of stress occurs exclusively at the site of the fault tip and the damage zone. This
is a consequence of the model design, which introduces sharp edges that represent a critical

point for the concentration of stress.
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Figure 24 First simulation in ParaView. Von Mises stress distribution along the geometry. No visible stress
accumulation or deformation through the fault. The red area represent a stress concentration due to the
presence of edges.

Given the absence of stress accumulation, an analysis of the equivalent plastic deformation

was conducted in order to ascertain whether the system underwent deformation (Figure 25).
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Figure 25 Visualization of the Equivalent Plastic Strain distribution throughout the fault model to evaluate the
deformation of the system. The red areas indicate a higher level of deformation, while the blue areas indicate a
lower level of deformation.
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Figure 25 illustrates the distribution of the Equivalent Plastic Strain variable throughout the
fault model. The gradient, ranging from blue (low strain) to red (high strain), indicates clear

areas of localized plastic deformation along the plane of the fault.

Starting from this point, a series of simulations were conducted changing several parameters
such as cohesion, angle of friction, Poisson’s Ratio, Young’s modulus, or the amount of lateral
load, in order to induce some observable effects. Most of these adjustments were applied to

the fault material, as it constituted the primary focus of the analysis.

Subsequently, some heterogeneities were introduced to the fault plane. This was achieved by
substituting one material (material 5) with three different materials (material 5, 6 and 7), which
were randomly distributed on the fault plane (Figure 26). The random distribution is in this
case un-correlated. In order to create variability in the fault system, slightly different values of
Young's modulus and friction angles were assigned to these materials (see Table Al in

Appendix).

The modification aimed to introduce variability within the fault, reflecting natural geological
processes such as cementation, dissolution, or mineral alteration that often result in spatial

heterogeneities along fault planes.
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Figure 26 Close up of the random distribution of three different materials throughout the fault plane (materials
5 (in pink), 6 (in orange) and 7 (in red)).



Further simulations were conducted, during which the parameters were subjected to
adjustment. However, apart from some little stress accumulations, no significant outcomes
were observed. Nevertheless, it became evident that modifying the strength of the fault could
result in more pronounced outcomes, leading to the occurrence of multiple areas where stress
accumulation was present, even if minimal, in contrast to the case of a single homogenous
material where stress was uniform. Accordingly, the subsequent analyses were primarily

focused on this concept.

4.3.2 Simulations with a pseudo-Gaussian materials distribution

The random distribution of the three materials along the fault proved to be unsatisfactory, as
it failed to create distinct zones as intended. Thus, a spatially correlated pseudo-Gaussian
distribution of three different materials was introduced, enabling the formation of patches

(Figure 27).
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Figure 27 Pseudo-Gaussian distribution of three materials along the fault plane. This material configuration
creates patches of heterogeneities.
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This setup ensured a more realistic distribution of heterogeneities within the fault systems
and a more gradual transition of material properties across the fault zone, creating regions of
higher and lower concentration while maintaining a reasonable spatial structure. These
variations could result in the formation of localised zones of weakness or strength along the
fault plane, affecting the distribution of stress and the way the fault responds to tectonic

forces.

The correlation length for these patches was set to 15 meters, controlling the spatial variability
of the material. The relative abundance of each material was regulated through the utilisation
of percentiles. By establishing particular percentiles, the proportion of each material could be

managed.

Percentiles refer to the division of a probability distribution into 100 equal parts, with each
interval representing a specific proportion of the total. This approach permitted the regulation

and variation of material distribution across the fault plane.

From that point, the analysis progressed by carrying out simulations assuming the primary
material, that is, the most abundant on the fault plane, as the weakest or as the stiffest. This
enabled a more in-depth analysis of how the prevailing material could govern stress

distribution, failure patterns, and overall fault behaviour, based on its properties.

In order to examine the strength of the fault plane, changes were made concurrently to the
friction angles, thereby increasing the differences between the three materials and also

increasing the gap between peak and residual values for each material.

The initial distribution was defined as 53% material 5, 27% material 6, and 20% material 7

(illustrated in pink, orange and red respectively in Figure 27).

Hence, a series of simulations were performed using this configuration. In order to facilitate
the identification of the different cases, tests with identical material percentage were assigned
the same project name ("GSS" in this case) and distinguished from each another by different

run name (i.e. A, B, C, etc).

In general, when material 5 was assumed to be the stiffest, material 7, which was less
abundant, was the weakest, and vice versa. The material properties were maintained within a
reasonable value range consistent with those observed in natural geological materials (see

Table Al in Appendix). Subsequently, parameters such as Young's modulus and the coefficient



of friction were adjusted in a systematic manner, either increased or decreased, across the
three materials, depending on the specific analysis. The principal simulations and the

parameters set for material 5 are summarized in Table 2.

Table 2. Different simulations and parameters set for material 5. Young’s modulus and initial,

peak, and residual friction angle.

Project + Run name E (MPa) oini (degrees) bpeak (degrees) bres (degrees)

GSS-F 8000 23 29 11
GSS-E 10000 31 37 15
GSS-D 10000 31 37 11

Of the three simulations presented, only simulations GSS-F and GSS-D led to stress
accumulation on the fault. These tests identified material 5 as the weakest of the three
(Collettini et al., 2019) and as the stiffest, but with a greater divergence between peak and

residual friction angle (Liu et al., 2004).
The outcomes of GSS-F and GSS-E will be illustrated to highlight the different results.

Figure 28 illustrates the GSS-F run at a specific moment within the simulation, namely the
instance when pronounced and sudden stress localization (shown in red in Figure 28) occurred,
which then dissipated during the subsequent step. The level of stress observed at that
particular location and at that specific point in time was significantly higher in comparison to

the overall stress values recorded across the fault.
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Figure 28 Simulation GSS-F. Von Mises stress distribution (in MPa) along the structure. The colours represent the
stress variations throughout the structure, showing the area of higher stress concentration in red.

In contrast, simulation GSS-E (Figure 29) revealed the development of multiple low-intensity
stress accumulations zones distributed along the fault plane. Unlike the previous scenario,
stress concentration at these locations did not further grow to reach the high values need to

reach failure.
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Figure 29 Simulation GSS-E. Von Mises stress distribution (in MPa). The model shows minor accumulation of
stress along the fault plane.



Subsequently, the percentiles were modified, creating larger patches of material 5, with the
aim of further investigating the potential influence of the presence of heterogeneities. The

new subdivision of materials was: 65% material 5, 25% material 6 and 10% material 7.

Therefore, a new project “PTC” was created. The initial objective was to examine the impact
of the new configuration on fault response. For this purpose, simulations with identical
parameters to those used in the previous simulation were conducted to investigate the
influence of patch dimensions, the higher divergence between peak and residual friction angle
included. Following, these initial simulations and their parameters for material 5 are presented

(Table 3).

Table 3. Parameters of material 5 for PTC simulations. Young’s modulus and initial, peak, and

residual friction angle.

Project + Run name E (MPa) dini (degrees) dpeak (degrees) Ores (degrees)

PTC-C 10000 31 37 11

PTC-B 8000 23 29 11

In this scenario, only simulation PTC-C presented relevant outcomes (Figure 30).
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Figure 30 Simulation PTC-C. Von Mises stress distribution (in MPa) along the fault geometry. Evident stress
accumulation (red areas) along the fault.
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Figure 30 depicts a pattern of stress accumulation (red areas highlighted by the black arrows)
along the fault plane, particularly concentrated in the central region and extending towards
the surface. During the simulation, a sudden and significant stress accumulation was observed
along the fault, with values exceeding 130 MPa. This rapid increase generated a distinctive
pattern of stress accumulation. Although the elevated stress levels dissipated in the
subsequent step, the localized stress pattern persisted throughout the remainder of the
simulation. This pattern strongly suggests the occurrence of deformation, a hypothesis further

supported by the analysis of the equivalent plastic strain variable.

In contrast, the PTC-B simulation exhibit only some minor stress accumulations along the fault

plane (see Figure Al in Appendix for the outcomes of simulation PTC-B).

To further analyse the influence of the presence of patches on rock behaviour, additional
projects (TST and TES) were created using the same materials percentage and same

parameters of simulation PTC-C, but with different spatial distributions of patches (Figure 31).

Figure 31 Different spatial distribution of patches along the fault plane. The illustrated projects, presented from
left to right, are PTC, TST and TES, respectively.

The aim of the study was to determine the effect, in addition to size, of patch placement on

the response to failure.

The simulations were conducted under identical parameters and conditions of PTC-C, with the
expectation that a notable deformation would be observed. However, contrary to these
expectations, the results of these simulations demonstrated stress accumulations along the

fault plane, though these accumulations did not attain high stress values nor produce



deformation zones, as observed in the PTC-C scenario (see Figure A2 and A3 in Appendix for

the outcomes of simulation TST-A and TES-A).

4.3.2.1 Simulations with patches within fault plane and damage

Zone

In order to create a continuous transition between the fault plane and damage zone, allowing
for a more realistic distribution of stress and strain across the fault system, a subsequent
analysis was conducted incorporating patches also within the damage zones (Figure 32). The
objective was to further analyse the impact of patches and to determine whether their

introduction would result in distinct fault behaviour.

The damage zones of the limestones and sandstones were distinguished by the presence of

six distinct materials, three materials per zone.
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Figure 32 Patch distribution of materials both on the fault plane and on the damage zone. Three different
materials for fault plane, three for the damage zone of sandstones and three materials for the damage zone of
limestones.
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Two additional simulations were performed using the same parameters and material
proportions as the PTC-C simulation, both for the fault and damage zones. The distinction
among these new simulations lay in the spatial distribution of the material patches, while all
other factors remained constant. The aim of this scenarios was to explore the influence of

spatial heterogeneity on fault behaviour.

The outcomes of these additional simulations were significantly dissimilar. One (named “DMG-
A”) demonstrated outcomes comparable to those observed in the PTC-C model, while the
other (named “DZN-A") exhibited only minor signs of stress accumulation occurring at shallow

depth.

Simulation DMG-A is illustrated in Figure 33, which show a sudden concentration of high level

of stress accompanied by the same pattern observed in the PTC-C simulation.
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Figure 33 Simulation DMG-A, patches within the fault plane and the damage zone. Von Mises stress distribution
(in MPa). Evident stress accumulation along the fault.

See Figure A4 in Appendix for the outcomes of simulation DZN-A.



4.3.3 Simulations on alternative fault geometries

Further simulations were conducted on alternative geometries, specifically involving
modifications to the fault plane. The main objective was to address the issue of stress
concentration at the tip of the fault due to the presence of acute angles. The goal was to verify
whether this localized stress accumulation could affect the overall behaviour of the fault,
potentially influencing its stability and deformation patterns. Figure 34 illustrates an
alternative representation of the fault geometry, extending the fault plane from the surface to

the boundary with the elastic material and entirely separating the two host rocks.
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Figure 34 Geometry with fault plane extending from the surface to the boundary with the piston.

Figure 35 presents an alternative geometry in which the fault plane extends from the boundary
with the elastic material and terminates at a depth of approximately 200 metres below the

surface.
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Figure 35 Scenario with the fault plane extending from the limit with the piston to a depth of 200 m below the
surface.

These two alternative geometries were constructed with three distinct materials distributed
across the fault plane using the pseudo-Gaussian distribution, as in the final simulations
presented. The material parameters were also comparable to those employed in previous

simulations.

Nonetheless, the simulations resulted in a uniform distribution of stress throughout the fault
plane, with no evidence of stress accumulation and stress values on the fault remaining at a
low level (see Figure A5 and A6 in Appendix for the outcomes of simulations conducted on
these different geometries). For this reason, these geometries were excluded from further

consideration.

The following chapter will present a comprehensive evaluation of the results obtained from

the simulations, providing a detailed discussion of the outcomes and their implications.



5. Discussion

This chapter offers an interpretation of the findings obtained from the simulations, with a
specific focus on the fault model to clarify which factors influence fault deformation and failure
processes. Starting from the simulations results | examinate the impact of distinct mechanical

properties and fault characteristics on fault dynamics.

This analysis focused on two main influencing factors on fault behaviour: the friction angle and
its role in governing slip stability, and the effect of material heterogeneities on the fault plane,
which introduces zones of variable stress response. By examining these two aspects, the aim
is to provide conclusions about the interactions between these variables and their impact on
fault activity, thereby elucidating the potential mechanisms behind fault rupture and

seismicity under varying conditions.

The implications of the fault's geometry in the model will also be examined, along with how

this may influence the behaviour of the fault.

5.1 Geometry of the fault

A significant phenomenon that was observed during the simulations was the high
concentration of stress at the tip of the fault. In scenarios where the fault was set with low
friction angle and predominantly homogeneous, this phenomenon was particularly evident.
When the friction was increased and patches of heterogeneity were introduced, the stress
accumulated at the tip decreased as a result of its concentration on the fault plane. However,

residual stress at the tips persisted.

The observed stress concentration is attributed to the presence of sharp angles resulting from
the geometry design. Physically, such angles are considered discontinuities, which disrupt the

uniform distribution of stress, causing it to localize and intensify.

The phenomenon also occurs in natural faults. The tips, the points where displacement along

the fault plane reduces to zero (i.e., the end of the fault), are critical zones for stress
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accumulation (Scholz et al.,, 1993). According to Griffith’s theory of fracture, rocks are
inherently heterogeneous, containing microcracks, voids, pores and grain boundaries (Brace,
1960). These flaws, modelled as elliptical microfractures, are known as Griffith cracks and act
as stress concentrators. The higher the ellipticity (i.e., the more elongated) of these
microfractures, the greater the stress intensification at their tips. These conditions promote
the microfracture coalescence through the interaction of stress fields around them,
particularly when these microfractures are spatially close and have favourable orientations
relative to the prevailing stress field (Figure 36). These conditions allow the linking of
discontinuities, promoting the formation of larger fractures that potentially evolve into slip

surfaces, thus driving fault growth and propagation (Main et al., 1993).

Micro-fractures *

Shear
Active process fracture

Figure 36 Mechanism of the development and growth of shear fractures. Stress concentration at tips allows for
the interaction between discontinuities within the rock. Red arrows represent the compressive regime.

At the fault tip, the accumulation of stress not only permits the growth of the fault but also
involves an alteration of the actual stress field, which may exceed the strength of adjacent
rocks, thereby triggering new fractures. Variations in material strength or structural
heterogeneities (e.g. pre-existing joints) redirect stress along preferred pathways, resulting in

the formation of secondary or branching fractures (Gudmundsson et al., 2010). The processes



dissipates part of the energy, redistributing strain and stabilizing the system, thereby

influencing the behaviour of the fault (Gudmundsson et al., 2010).

The fault model, however, represents the host rocks as homogeneous, thereby omitting the
microstructural discontinuities that are observed in natural rocks. This limitation could restrict
the ability of the model to realistically replicate stress dissipation and fault propagation,

thereby exerting influence on the movement of the fault.

In addition, the sharp geometry of the fault termination in the model represent another
discrepancy from real conditions. It is uncommon for natural faults to terminate abruptly,
which typically terminate in segmentation, associated fractures, or geological features such as

folds, fault systems or stratified layers of surrounding rocks (Biswas e Sain, 2022).

For example, reverse faults, as the one simulated in the model, often form through two
primary mechanisms: fault propagation folding and fault-bend folding (Suppe, 1983; Suppe e
Medwedeff, 1990). In both cases, the fault at depth is linked to the stratification of
surrounding rocks, which are typically undeformed or already folded. The lack of lithological
layering in the host rocks represented in the simulations is presumed to have affected the
redistribution and dissipation of stress, thereby influencing the fault ability to propagate or

release accumulated stress.

In order to address the issue of stress concentration caused by fault design, the geometry was
modified during the simulations. The modifications extended the geometry towards the elastic
boundary to prevent the unrealistic sharp terminations. However, the deletion of the tip from
the model resulted in the complete absence of areas of stress accumulation along the fault.
Neither the fault plane nor surrounding areas exhibited significant stress build-up. This
observation underscore the importance of the fault tips on the stress distribution and

behaviour of the fault.

In conclusion, the findings from the simulations underscore the importance of realistic
terminations and material heterogeneity in influencing fault mechanics. To improve the
accuracy and applicability of the simulations, future work should improve the design of the
fault tip and include lithological discontinuities, or stratigraphic features to better reflect the

interplay between the fault and the geological context.
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Furthermore, an additional approach would be the conduction of simulations that model the
formation of faults from intact rock. This would provide valuable insights into the initial
conditions and stress distributions that lead to fault nucleation, as well as the processes
governing their organization and connectivity. By addressing these gaps, future models can
more accurately replicate natural fault systems, thereby facilitating a deeper comprehension

of fault mechanics.

5.2 Influence of friction angle

The friction angle of a rock represents the angle at which the rock material resists shear stress.
It is a measure of the shear strength of the rock material and reflects its ability to resist
deformation or failure under an applied load and it thus represents a fundamental parameter
in rock mechanics. This conclusion has been corroborated by several studies, including those
by Byerlee (1978) and Dieterich (1979), which emphasised the role of frictional properties in

both fault slip and earthquake initiation.

This result became evident during the initial simulations conducted using the Single Element
Simulator (SES). In both the simulations performed on the Punchbowl Formation and those on
Fontainebleau sandstones, the friction angle emerged as one of the primary factors governing
the mechanical behaviour of the sample. The friction angle, together with cohesion, defines
the Mohr-Coulomb failure envelope. By varying these parameters, it was possible to control
the amount of stress the rock could accumulate before failure occurred. Additionally, the
possibility of controlling the initial, peak and residual friction angle values permitted a greater

degree of precision in the adjustment of the sample behaviour.

These initial simulations under triaxial conditions were later expanded into two-dimensional
models, which produced results consistent with those obtained in SES and laboratory
experiments. Subsequently, the models were extended to three dimensions. However, in 3D
simulations, the initial results diverged significantly from expectations. Specifically, using the
same parameters that had successfully reproduced failure in SES and 2D simulations did not

result in the failure of the 3D sample. Instead, the rock exhibited general deformation,



characterized by barreling, where the sides of the sample bulged outward. To achieve the
development of a shear band within the 3D sample, it became necessary to reduce the

cohesion of the rock by 80%.

This discrepancy highlights the more complex and realistic nature of the 3D model. Unlike its
2D counterpart, the 3D model accounts for stress and strain variations in all three spatial
dimensions. The results observed in the 3D simulations underline the importance of refining
the calibration of mechanical parameters such as friction angle and cohesion when

transitioning from 2D to 3D models.

Simulations conducted on the fault model further highlighted the influence of the friction

angle on rock behaviour.

Changes in fault behaviour with different friction angles

- Fault
Fault with
ﬁ \:| Host rocks heterogeneity
@ + Stress E
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Figure 37 Conceptual model of the impact of friction on stress distribution. A) Lower friction angle leads to low
stress accumulation (red lines) along the fault and high stress localization at fault tip. B) Higer friction angle
leads to higher concentrations of stress along the fault, both in frequency and magnitude, and a reduction of

stress at fault tip. The wider the red lines, the higher the stress values.

Figure 37 present a schematic model of the impact of varying the friction on the stress
distribution along the fault plane, based on the observation from the simulations. Figure 37 A
represent the initial simulations, in which the values of the friction angle were set at relatively
low levels (between 23 and 27 degrees) and exhibited minimal variation between the initial
peak and residual friction angle. The results showed a minimal or absent stress accumulation
along the fault, except at the fault termination, due to the fault geometry (Figure 37 A). These

friction angle values are indicative of materials with relatively weak shear strength, which are
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more prone to reduce stress concentrations (Tesei et al., 2014), providing an explanation for

the observed outcomes.

In contrast, Figure 37 B represents simulations where the friction angle was increased (up to
31-37 degrees), resulting in multiple stress accumulations of higher magnitude throughout the
fault plane (Figure 37 B). For example, in the simulation named PTC-C (project name + run
name) the predominant material of the fault plane was set with these elevated values of
friction angle and with a greater disparity between the peak and residual values than in
previous simulations (from 22 to 26 degrees). The outcomes demonstrated a pronounced
concentration of elevated stress levels, surrounded by notable deformation, indicating a

failure of the fault (Figure 30, paragraph 4.3.2).

These findings underscore the significant influence of the friction angle on stress distribution
along the fault. When the friction angle was increased, there was a higher degree of stress
concentration both in terms of the frequency and the magnitude of stress peaks along the
fault plane, allowing stress to accumulate over time. This stress accumulation is critical, as it
stores the energy that can potentially trigger a failure. Conversely, when the friction angle was
lower, there were no indications of stress accumulation, suggesting a plastic and gradual
deformation, as evidenced by the analysis of the equivalent plastic strain. (Figure 25,

paragraph 4.3.2).

However, outcomes similar to simulation PTC-C were not observed in other simulations that
employed the same rock parameters but differed in the spatial distribution of materials,
indicating that the friction angle is not the sole factor governing deformation and failure

processes.

The observed correlation between an increase in the difference between the peak angle and
residual friction angle and an occurrence of failure can be explained by theoretical predictions
regarding the relationship between these two values. A greater difference between them
allows for a greater stress buildup prior to material failure, with the subsequent drop in friction
serving as a trigger for instability (Saffer e Marone, 2003). This is associated with the concept

of velocity-weakening, which comes from Rate-and-State Friction Laws (RSF) (Dieterich, 1979).

The RSF describe how friction evolves in response to changes in sliding velocity and contact
time at the fault interface (Scholz, 1998) (Figure 38). The fault can show a velocity-weakening

or velocity-strengthening behaviour. Velocity-weakening is a condition where the friction



decrease as slip velocity increases, leading to further slip and potentially resulting in seismic
events, while velocity-strengthening is when the friction increases with velocity, stabilizing the

system.

In this context, friction is often described using the coefficient of friction (i) rather than the
angle of friction (@), even though the two are directly related. The relationship is expressed

through the simple equation u = tan (¢).

The fault behaviour is influenced by two parameters, a and b, where parameter g is an
empirical constant defined as the direct effect (it is the increase from the initial to the peak
friction value), while b is an empirical constant defined as the evolution effect (the difference
between the peak and the residual value). When (a-b) < 0 velocity-weakening occurs (Figure
38b), promoting slip instability; conversely, (a-b) > 0 indicates velocity-strengthening (Figure

38a), which stabilizes slip (Dieterich, 1979; Ruina, 1983).

Ui
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Figure 38 Schematic diagram of velocity-strengthening (blue line) and velocity-weakening (red line) behaviour.
They describe the increase or decrease in steady-state sliding friction coefficient responding to an instantaneous
increase in sliding velocity. The sign of (a—b) of a material can demonstrate its frictional velocity dependence
(modified from(Zoback & Kohli, 2019).
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In the simulations, the reduction of the residual friction angle implied an increase of the b
parameter. Higher b values correlate with a more pronounced decrease in friction as slip
velocity increases, which can promote fault instability and favour accelerated slip. This
indicates that simulations such as PTC-C, which demonstrated instability, can be linked to this

phenomenon.

In general, the majority of simulations were conducted with the materials set in a velocity-
weakening condition, thus rendering them prone to failure. However, only certain scenarios
exhibited indications of a failure. This suggests that, while velocity-weakening is a significant
prerequisite for fault instability and reactivation, it is not sufficient alone to trigger these
processes, in accordance with previous studies (Marone, 1998; Saffer e Marone, 2003; Scuderi

et al., 2013).

It is worth noting that also the opposite has been observed in natural fault systems, where
evidence of seismic activity can be seen even when a velocity-weakening condition is absent

(Carpenter et al., 2014).

A significant example is the Monte Maggio Fault (MMF), a well-exposed normal fault located
in the northern Apennines, Italy. This fault is associated with the active tectonic regime that
dominates the region, accommodating crustal extension (Carpenter et al., 2014). Normal faults
in the Apennines, including the MMF, are of particular interest as they host some of the largest
earthquakes recorded in central Italy (Chiaraluce, 2012). The MMF itself has accommodated
approximately 650 meters of cumulative slip, primarily displacing carbonate units such as

limestones from Lower Jurassic and marly limestone from Upper Jurassic-Lower cretaceous.

Studies by Carpenter et al. (2014) have shown that the fault exhibits predominantly a velocity-
strengthening behaviour, typically associated with fault stability and resistance to seismic slip;
despite this, the MMF shows evidence for multiple slip events along this single surface
including evidence of calcite decarbonation that would result from seismic slip (Carpenter et
al., 2014; Collettini et al., 2014). This highlights that while velocity-weakening behaviour is an
important factor for instability, it is not the sole mechanism capable of triggering seismic fault
movements. The MMF activity suggests that other factors, such as local stress perturbations,

fluid pressure variations, and geological heterogeneities, may contribute to its behaviour.



The Rate-and-State Friction Laws provide further support to this interpretation, as they
propose that the strength of friction is not only dependent on the velocity of slip but also on

the state and time evolution of the material (Saffer & Marone, 2003)

The findings from the simulation agree with the theory presented, thereby underscoring the
significant influence of the friction angle. Furthermore, they suggest that it is also important
to consider the wider interplay of material properties, fault geometry, and stress conditions in

order to gain a comprehensive understanding of the processes that lead to fault instability.

5.3 Presence of heterogeneities on fault plane

It is well recognized that faults are not homogeneous structures; rather, they exhibit
considerable variability in material properties, stress states, and surface roughness. Previous
studies, i.e. (Luo & Liu, 2021), emphasize that these heterogeneities can impact fault strength,

stability, and the potential for seismic activity.

The effect of heterogeneity was not evaluated in the SES since these simulations analyse a unit
element, which does not permit the introduction of material heterogeneity. Similarly, in the
two-dimensional simulations, the rock sample was modelled using a single, homogeneous

material, which precluded any observation of heterogeneity-related effects.

The analysis of the influence of heterogeneities was enabled through the implementation of
three-dimensional simulations on the Fontainebleau sandstone. The 3D models used for these
simulations differed from the 2D model because it employed ten different materials randomly
distributed within the sample. This approach allowed to incorporate heterogeneity and
achieved a more realistic representation of natural rocks. The observed outcomes showed that
the sample underwent failure, although with parameter values different from those set in the
2D simulations and single-element tests. A particularly noteworthy outcome was observed
when the 3D sample was modelled as entirely homogeneous, and no failure occurred, even
under conditions that previously led to failure. This highlighted the crucial role of
heterogeneity in governing stress and strain localization, which are essential for the

development of fractures and shear zones within the sample.
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The simulations conducted on the 2D fault model permitted a further analysis of the role of

these heterogeneities, in particular how they influence the fault behaviour.

Initial models, where the fault plane was designed homogeneous and described by one
material, demonstrated no considerable stress accumulation or signs of deformation.
However, when heterogeneities were introduced through the employment of three materials

with different properties, the fault behaviour notably changed (Figure 39).

Impact of heterogeneity on stress concentration

x

: Stiffer material - Weaker material
+ Stress
Host rocks G) concentration

Figure 39 Conceptual model of how different size of heterogeneities influence on stress accumulation along fault
plane. A)No heterogeneity along the fault plane. B) Random configuration: the fault present small stiffer areas
and the influence on stress distribution is minimal. C) The increased patch size results in larger and more
numerous stress accumulation. D) The stiffer patches dominate the fault plane and significantly amplifies stress
accumulation.




Figure 39 present a simplified model to schematize the impact of heterogeneity on the
behaviour of the fault. The first simulation assumed the fault plane as homogeneous and it
resulted in no accumulation of stress (Figure 39 A). A new configuration was then assumed,
comprising a random distribution of materials of varying stiffness. In this scenario, the
outcomes of the simulations demonstrated the presence of more localised stress areas than
previously observed, although at low levels (Figure 39 B). This suggests that the random
organisation of the materials failed to create defined zones that can influence the location of

stress.

Subsequently, the materials were distributed in order to form patches, which were initially
smaller and then enlarged (Figure 39 C and 39 D, respectively). The results demonstrated a
greater frequency and an increase in values of the areas where stress concentrated along the
fault plane. In particular, the fault failure was observed in simulations where the primary
material of the fault was configured with larger patches (Figure 39 D) than both the other two
materials and the previous simulations. The primary material, that is the material of these

larger patches, was also the stiffest among the three (e.g. simulation PTC C).

The first observation to be made is that the introduction of heterogeneities on the fault plane
had a considerable impact on fault behaviour, leading the formation of areas that regulate

stress accumulation and, consequently, the potential for failure or deformation.

In light of these findings, it can be inferred that the presence of heterogeneities within faults,
due to factors such as varying lithologies, cementation or dissolution processes, may regulate

stress distribution and thereby influence the fault reactivation or failure.

The observation that signs of failure have been observed when the primary material formed
larger patches and was the stiffest among the three, aligns with findings by (Collettini et al.,
2019). Their study indicates that stress tends to accumulate in stronger fault patches, whereas
weaker areas accommodate strain through aseismic slip. Aseismic creep permits the
accumulation of stress in the stronger patches, which remain locked during the interseismic
period. Subsequently, when shear stress reaches a level that exceeds the frictional strength of

the strong patches, they can act as rupture nucleation points.

The lack of stress localization when the fault plane was homogeneous and characterised by a

weak material could be attributed to aseismic slip, in accordance with literature (Marone &
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Saffer, 2007). Aseismic slip typically occurs under conditions of low friction, which prevent
stress concentration and dynamic rupture. These properties promote stable, gradual sliding

rather than localized seismic failure (Collettini et al., 2009).

An alternative hypothesis may be based on the critical slip distance (D), which is defined as
the distance required to overcome the asperity contacts on the fault plane, which stabilise the
fault. In other words, D. represents the minimum slip or displacement necessary on a fault to

change from static to dynamic friction allowing the sliding (Scholz, 1988).

If the stronger patches are interpreted as asperities, it is then possible to suggest that in certain
simulations the critical slip distance was not reached due to the spatial distribution of the
materials, thereby inhibiting fault slip. Of particular importance thus is the size of these
patches, if considered as asperities, because the critical slip distance is directly proportional to

the contact dimension.

A further noteworthy consideration relates to the scale of observation. The transition from a
random to a patch distribution, and further increases in patch size, appears to demonstrate a

scale-dependent effect on fault behaviour.

The random distribution of the three materials resulted in the formation of very small zones
of variability, creating heterogeneity at the microscale (Figure 39 B). However, at the
macroscale, the fault still resulted as homogeneous, as the outcomes did not exhibit a notable
accumulation of stress. In contrast, the patch distribution of materials led to the development
of larger, more distinct zones of heterogeneity, which allowed the mechanical properties of
the rock to exert a greater influence on fault behaviour. Specifically, in the case of stiffer
patches, these larger zones enabled the accumulation of stress within and around these areas.
This highlights how an increase in the scale of heterogeneity can amplify its impact on stress

distribution and fault dynamics.

To give an order of magnitude based on the simulations, the patch size needed to reach an
average size of approximately 1050 m? to begin exerting a significant influence on the fault
behaviour. To be more precise, this value represents the mean size of the patches that led to

a failure of the fault.



These findings indicate that small-scale heterogeneities may not individually influence fault
behaviour, but when considered at a larger scale through cohesive patches, they can have a

high impact on fault dynamics.

The spatial distribution of these patches along the fault also has a role in the mechanical
response. Simulations TES-A and TST-A, despite maintaining the same material percentages as
in PTC-C, the spatial location of the patches differed and they did not exhibit any indications

of rupture.

Upon analysing the spatial arrangement of the patches, it was observed that the PTC-C
simulation exhibited a more concentrated clustering of the stiffer patches. In contrast, the
other simulations displayed a more scattered distribution. This discrepancy suggests that the
closer proximity of stiffer patches in PTC-C may have resulted in a localised accumulation of

stress, thereby creating the conditions favourable for rupture.

Different spatial patch configuration

a b

¢ Weaker material [ Stiffer material [ Host rocks

Figure 40 Conceptual model of different spatial configuration of patches along the fault plane between different
simulations. a) conceptually representing PTC-C patches distribution; b) conceptually representing TES-A or TST-
A patches distribution.
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The findings highlight that the spatial arrangement of the patches exert a further influence on
the localisation of stress, which may be attributed to an interaction between the rock

properties and tectonic load.

The variability observed in the results suggests that the presence, size, and distribution of
heterogeneities play a key role in fault stability. However, the relationship between these

elements and the fault behaviour is complex and not straightforward.

Dieterich (1992) highlighted that frictional properties combined with material heterogeneity
dictate where failure begins. These findings emphasise that heterogeneity introduces

complexity into fault dynamics, thereby increasing the difficulty of predicting outcomes.

In conclusion, the presence of heterogeneities within the fault and their spatial configurations
significantly influence fault mechanics, adding a crucial layer of complexity. The results
underscore the importance of incorporating realistic heterogeneities into models to capture
the intricate interactions between material properties and stress distribution. Future
investigations should focus on further understanding how the size, distribution, and
arrangement of heterogeneities affect fault dynamics. These efforts will enhance our

understanding of fault behaviour and support more reliable applications in geomechanics.



6. Conclusion

The objective of this thesis was to investigate the factors that affect deformation and failure
processes in rocks, with a specific emphasis on the stability of faults. By analysing rock
properties and conditions that control these processes, the research aimed to provide a
detailed understanding of the mechanisms that lead to fault reactivation and instability. This
was achieved by conducting a series of numerical simulations primarily on a numerical model
representing a fault zone, that was used to study the factors controlling fault stability, such as

friction angle and heterogeneity on the fault plane.

The simulation results indicated that one of the most critical parameters influencing the
mechanical response of the fault is the friction angle, as it has a direct impact on how rock
strength changes with stress increase. In particular, it has been shown that the discrepancy
between the peak friction angle and the residual friction angle exerts a pronounced impact,
governing the decline of friction and, consequently, facilitating the acceleration of the fault

movement.

The analysis also highlighted the effect of material heterogeneities on the fault plane, where
spatial variations in material properties, including friction angle, create zones of varying
stiffness. Such heterogeneities, which arise from geological processes such as cementation or

mineral dissolution, influence the distribution of stress along the fault.

Simulations demonstrated that homogeneous fault planes with low-friction material
accumulated minimal stress, suggesting a more plastic response. In contrast, fault planes with
a patch distribution of these heterogeneities and a higher friction angle within the wider
patches showed a more brittle behaviour, which is a pre-requisite for fault failure. The stiffer
patches act as primary areas of stress accumulation, thereby creating favourable conditions
for triggering fault rupture. In contrast, the weaker zones tend to gradually accommodate a-

seismic deformation and slipping.

These outcomes emphasize how both friction angle and the presence of heterogeneity
contribute to stress distribution and accumulation along the fault, influencing mechanical

behaviour, strength and stability. Together, these factors highlight the dynamic interaction
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between geological processes and fault mechanics, regulating deformation and failure

processes in fault systems.

The findings of this thesis contribute to the advancement of geomechanical modelling by
enhancing understanding of the impact of rock properties, in particular friction angle and fault
heterogeneity, on fault behaviour. These insights underline the need to focus primarily on
these parameters within simulations to enhance the ability of the model to represent the
geological system, hence the reliability of the models. As indicated in the introductory chapter,
this is critical in the context of injection and production of fluids from the subsurface, such as
for CO, storage and geothermal energy. In these applications, models are employed to prevent
or minimize the onset of conditions leading to fluid leakage due to fracture or fault reactivation
and to prevent seismic hazard. Through improved calibration, geomechanical models can more

effectively simulate and reduce potential hazards associated with subsurface operations.

It is important to acknowledge that the geometry of the fault, or the exclusion of factors such
as time dependency, fluid circulation or temperature variations in the model, may have
affected the reliability of the results when compared to those observed in natural scenarios.
Nevertheless, the model, although based on some simplifying assumptions, provides useful

insights and starting points for future analysis.

In conclusion, this study underscores the critical role of friction angle and fault heterogeneity,
in controlling fault stability and mechanical behaviour. The simulations revealed how variations
in these properties influence stress accumulation and fault reactivation, providing essential
insights for geomechanical modelling. These findings contribute significantly to our
understanding of fault dynamics and provide a robust foundation for future research aimed at

refining predictive tools.

Future work will focus on refining the fault model by incorporating missing elements and
improving its geometry, including transitioning to a 3D representation to better capture the
interactions between stress and strain. Additionally, alternative approaches could be explored,
such as conducting strain-controlled analyses instead of stress-controlled ones, to provide a
more comprehensive understanding of the fault's mechanical behaviour. These advances will
enhance the model reliability and suitability to model complex fault systems, facilitating more

precise and adaptable geomechanical simulations that can address real-world challenges.
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Appendix

Table of Parameter Ranges

The following table presents the range of values utilized in the various set of simulations for
Young’s Modulus, angle of friction (initial, peak and residual values) and cohesion. The values
presented for the 2D fault zone simulations are limited to those pertaining to the fault

materials.

Table Al. Summary of the range of values: simulation ID, Young’s modulus, initial friction

angle, peak friction angle, residual friction angle and cohesion.

. ) E - Cohesion
Simulations ini Dpeak res
(MPa) (degrees) (degrees) (degrees) (MPa)
Punchbowl 18000 -
) ) 34-35 36-38 24 - 26 30-35
simulation 20000
Fontainebleau 7800 -
) ] 30-33 34 -36 26-30 15-20
simulations 13400
2D fault zone 8000 -
] ) 23-31 29-37 11-15 0
simulations 10000

Supplementary Simulation Figures

The following Figures display additional simulation results not included in the main text due to

space constraints but are relevant for a comprehensive understanding of the study’s findings.



Figure A1 Simulation PTC-B: patch distribution of three materials along the fault plane. Von Mises stress
throughout the model. Minor stress accumulations along the fault.

Figure A2 Simulation TES-A: patch distribution of materials along the fault plane; same materials percentage of
project PTC but different spatial location of patches. Von Mises stress throughout the model. Minor stress
accumulations along the fault.
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Figure A3 Simulation TST-A: patch distribution of materials along the fault plane; same materials percentage of
project PTC but different spatial location of patches. Von Mises stress throughout the model. Minor stress
accumulations along the fault.

Figure A4 Simulation DZN-A: patch distribution of materials within the fault plane and the damage zone. Von
Mises stress distribution throughout the model.



(MPq)

VON_MISES_STRESS

Figure A5 Simulation FPP: geometry with the fault extending from the surface to the elastic boundary. No stress
accumulation along the fault plane nor in adjacent areas of the model.
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Figure A6 Simulation INV: geometry with the fault extending from the elastic boundary and terminating at 200
meters of depth. No stress accumulation along the fault plane. Significant stress concentration near the tip of
the fault due to the presence of sharp edges.
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