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Abstract

CO2 geological sequestration and injection in depleted gas or oil fields, also
referred to as Carbon Capture and Storage (CCS), is one of the possibilities to re-
duce Greenhouse Gas (GHG) emissions, which would contribute to limit global
warming and its effects. This methodology presents some geomechanical is-
sues that must be properly addressed, especially when CO2 is injected in faulted
reservoirs. This thesis investigates the potential mechanical failure and land dis-
placement for a depleted faulted reservoir in the northern Adriatic basin where
CCS is planned to be activated within the next few years. The geomechanical re-
sponse of a scenario addressing a preliminary CO2 injection aimed at testing the
storage effectiveness is investigated using the three-dimensional finite element-
interface element geomechanical model GEPS3D. The mechanical failure could
be represented by faults reactivation, leading the creation of a pathway for CO2

to escape or inducing seismic events because of the fault sliding associated to
the change of the local stress state. A sensitivity analysis to the main mechanical
parameters of an elasto-visco-plastic constitutive relationship is carried out. The
actual state of the reservoir and surrounding aquifers, i.e. the stress state charac-
terizing the rock system after the end of the primary production and a few years
of natural pressure recovery following the shutdown of the production wells,
are also properly simulated by the same modeling approach and represent the
initial condition for the scenario of CO2 injection. Preliminary modeling analy-
ses have also allowed to highlight that the static model of the reservoir provided
by the oil company is characterized by elements with horizontal dimensions ex-
tremely larger than the vertical one. This geometric feature of the finite element
grid precludes the accurate computation of the stress change on the fault planes
due to CCS.
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1
Introduction

In the latest Report published by the Intergovernmental Panel on Climate
Change (IPCC) in March 2023, it is stated that human activities are the unequiv-
ocal root of global warming, with a surface temperature that has risen of 1.1 °C
compared to the levels of 1850-1900 [21]. In order to diminish the devastating
effects of climate change, which would manifest on a global scale, some concrete
actions must be taken.
Notwithstanding the fact that the first option to be considered must always be
mitigation, consisting in the reduction of GHG emissions from their sources, ev-
idence shows the necessity for approaches that combine mitigation, adaptation
and remediation. One possibility that belongs to the latest category and which
is increasingly being investigated is CCS.
According to the IPCC, a first definition of CCS can be described as:

Carbon dioxide (CO2) capture and storage (CCS) is a process consisting of
the separation of CO2 from industrial and energy-related sources, transport
to a storage location and long-term isolation from the atmosphere [1].

CCS is a rapidly developing and already considerably studied technology,
vital to reach a condition of net-zero emissions by 2050. In fact, most of the
models cannot find a solution to stay below 1.5 °C without including Carbon
Dioxide Removal (CDR) technologies such as CCS [27]. Particularly, it can be
seen as extremely important for industrial sectors which are responsible for the
production of a huge amount of emissions which are hard to abate, for instance
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steel, iron or chemical sectors, and it is gaining much attention by international
organizations such as the IPCC or the International Energy Agency (IEA). As
stated by the Global CCS Institute in their five-year strategic plan for accelerating
the development of this technique, around 80% of countries worldwide that
have set the target of reaching carbon neutrality and contributing to the United
Nations Framework Convention on Climate Change (UNFCCC) have recognized
the role of CCS. It can be divided into different options, which consist in, for
instance, ocean storage or underground geological repository, the latter of which
is analysed in this thesis. The process is divided into capturing, transporting,
usually throughout pipelines, and final injection into a deep rock formation. It
got to the attention of the public in the 1990s, and the first performed dedicated
project was in the North Sea in 1996 [27]. It can be performed both onshore
and offshore, and in different geological settings, from depleted oil to gas fields,
deep coal seams or saline formations.
One successful example is the In Salah CO2 storage facility in Algeria, which
has injected CO2 from 2004 to 2011, with a total amount of 3.8 million tons of
stored CO2 and no reported leakage [4]. In the 2005 Special Report on CCS, the
IPCC considered likely that 99% or more of the injected CO2 will be retained
for 1000 years, as it would be stored in depleted geologic formations previously
containing fossil fuels. Moreover, CO2 is usually injected at depths of about
1000 m or below, where it acquires a liquid-like density which allows for an
effective utilization of the available underground space [2]. In order for a project
to be carried out, a number of key questions must be asked, whether to assess its
feasibility. It is actually fundamental for it to be feasible from an environmental,
economic and technical point of view. These aspects lead to the choice of
the possible injection site and further questions lead to a long-term stability
assessment and continuous monitoring.

Another section that should be deeply analysed is the regulatory framework,
which does not pertain to the scope of this thesis, but should always be con-
sidered and improved given the lack of clarity on, for instance, post injection
responsibilities or long-term monitoring. The IEA describes the current situ-
ation and compares it with needed storage capacity when relating to the Net
Zero Scenario of the IPCC, depicting a clearly unbalanced projection as shown in
Figure 1.1. A more detailed state of the art is represented in Figure 1.2, with the
current infrastructure development divided into regions and related to yearly
injection capacity. The figure shows how North America has a more advanced
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CHAPTER 1. INTRODUCTION

Figure 1.1: Annual CO2 storage capacity [MtCO2/y], current and planned vs
Net Zero Scenario, 2020-2030. Adapted from [19].

development and operational settings of this technology, whilst Europe is still
concentrating on assessing its feasibility.

In the European Union (EU) the development of dedicated infrastructures for
CO2 transport and storage is mentioned in the REGULATION (EU) 2022/869,
of 30th May 2022 on the guidelines for trans-European energy infrastructure,
amending Regulations (EC) No 715/2009, (EU) 2019/942 and (EU) 2019/943 and
Directives 2009/73/EC and (EU) 2019/944, and repealing Regulation (EU) No
347/2013, although only generally described in Annex II [7]. This prospect over-
comes the hurdles linked to the London Protocol, especially since it prohibited
export of Carbon Dioxide with the purpose of offshore storage [8]. Nevertheless,
storage assessment is a rather fundamental step for the development process of
CCS, since resources need to match capacity and other criteria, such as geome-
chanical stability, which is here assessed.

The thesis falls within the scope of the analyses required in the planning of a
CCS project. Specifically, this work is focused on investigating the geomechanical
issues associated with a scenario of CO2 injection in a faulted offshore reservoir
located in the Northern Adriatic Sea, Italy. Notice that the importance of the
geomechanical aspects and related processes is often underestimated but can
have a primary role when the environmental impacts of CCS plans need to be
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Figure 1.2: State of the art and development of CCS infrastructures on a global
scale. Adapted from [19].

addressed. In fact, these aspects are fundamental when evaluating the long-term
stability of a geological repository, especially in faulted basins, not only for the
creation of possible pathways for the CO2 to escape, but also for the possibility
of inducing seismic events because of fault reactivation, or land vertical uplift
[6, 10, 29].

In order to address these processes, modeling tools were necessary due to the
complex formation of the site of interest. The analyses presented in this thesis are
carried out by an advanced 3D geomechanical simulator, Geomechanical Elasto-
Plastic 3D Simulator (GEPS3D). The simulator uses zero-thickness Interface
Elements (IE) to simulate fault reactivation and forecast possible slippage and
opening. Moreover, the simulations address the quantification of vertical and
horizontal displacements during both the primary production of the reservoir
occurred over the past decades and the planned injection of CO2. It must be
noted that the simulation of primary production is needed to characterize the
stress field at the inception of the CO2 injection. It is also useful in a carried
out sensitivity analysis on the main parameters in the stress-strain relationship
implemented to characterize the Northern Adriatic sedimentary deposits.
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2
Theoretical Background

The geological storage of carbon dioxide involves many different processes
and aspects, acting on wide spacial and temporal scales and impacting on both
surface and subsurface. Depending on the location and the geomechanical
properties of the site, these processes must be carefully investigated. The math-
ematical formulation of the problem is provided in the current chapter.

Another crucial aspect, which is just mentioned in the current study, is fluid
dynamics. Since the void space not occupied by soil is filled with either gases
or liquids, the movements and changes in pressure of these fluids have been
studied in depth, as in cases reported in [5]. Flux and displacement occur
simultaneously and should therefore be considered together, in what is called a
coupled approach [23, 26]. However, this approach is complicated, also from a
numerical perspective, and provides results which are similar to what is defined
as uncoupled approach, where the pressure field is considered known a priori
[15]. In this thesis, the uncoupled method is applied, with the pressure field
computed with the use of a flow model.

2.1 Governing Equations

Soil can be seen as a porous medium, where solid phase and void space
coexist. The latter, is usually interconnected and occupied by fluid phases,
e.g. water and/or air in underground aquifers, together with gas or oil in
hydrocarbon reservoirs. This configuration enables a movement of the fluids
throughout the domain.
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2.1. GOVERNING EQUATIONS

When the considered system is subject to changes driven, for instance, by
the injection or withdrawal of fluids from the reservoir, this structure reacts
with some deformations. The behavior and response of the ground to these
events show a high level of complexity, but some assumptions that simplify
its resolution prove to be useful in formulating the governing equations of the
domain.

It is beneficial to provide the definition of the used quantities which often
recur in the chapter, and which are of paramount importance for the problem de-
scription. Firstly, the effective stress tensor and its components can be described
as:

𝜎 =


𝜎𝑥𝑥 𝜏𝑦𝑥 𝜏𝑧𝑥
𝜏𝑥𝑦 𝜎𝑦𝑦 𝜏𝑧𝑦
𝜏𝑥𝑧 𝜏𝑦𝑧 𝜎𝑧𝑧

 (2.1)

The strain tensor 𝜖 is defined as:

𝜖 =


𝜖𝑥𝑥 𝜖𝑦𝑥 𝜖𝑧𝑥
𝜖𝑥𝑦 𝜖𝑦𝑦 𝜖𝑧𝑦
𝜖𝑥𝑧 𝜖𝑦𝑧 𝜖𝑧𝑧

 (2.2)

With the two tensors being symmetric, they can both be rewritten as the
following vectors, which will later be used, using the standard Voigt notation:

𝝈 = (𝜎𝑥𝑥 , 𝜎𝑦𝑦 , 𝜎𝑧𝑧 , 𝜏𝑥𝑦 , 𝜏𝑦𝑧 , 𝜏𝑥𝑧)𝑇 (2.3)

𝝐 = (𝜖𝑥𝑥 , 𝜖𝑦𝑦 , 𝜖𝑧𝑧 , 𝜖𝑥𝑦 , 𝜖𝑥𝑧 , 𝜖𝑦𝑧)𝑇 (2.4)

Finally, the displacement vector is expressed as u = (𝑢, 𝑣, 𝑤).
One of the most commonly assumed simplifications in porous media is

isotropy, meaning that mechanical properties can be considered orientation-
independent. In fact, given the assumptions of isotropic and isothermal con-
ditions, it can be stated that deformation in the domain is mainly driven by
pore pressure and total displacement by rock compressibility, when considering
small deformation. In a 3D spatial domain, called Ω, the quasi-static governing
equations for mechanical equilibrium are:

∇ · �̂� + 𝜌𝑏g = 0 (2.5)
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CHAPTER 2. THEORETICAL BACKGROUND

where g is gravity, 𝜌𝑏 = 𝜙𝜌 𝑓 + (1 − 𝜙)𝜌𝑠 is the bulk density, 𝜌 𝑓 the total fluid
density, 𝜌𝑠 the solid phase density, 𝜙 the porosity and∇· the divergence operator.
Finally, �̂� is the total stress, distinguishable from the effective stress thanks to
the hat symbol. This is related to pressure and deformation from the following
equation:

�̂� − �̂�0 = C : 𝜖 − 𝑏(𝑝 𝑓 − 𝑝 𝑓 ,0)1 (2.6)

where C is the fourth order stiffness tensor of the solid matrix, the second order
strain tensor 𝜖, which can also be written as 𝜖 = (∇u+∇𝑇u)/2, with u the already
defined displacement vector and ∇ the gradient operator, b is the Biot coefficient,
and 1 is the second order identity tensor. The subscript 0, defines the reference
state.

Fluid pressure 𝑝 𝑓 is defined by the following equation, considering both
wetting and non-wetting phase, respectively the liquid and gas phases:

𝑝 𝑓 = 𝑝𝑔 − 𝑆𝑤(𝑝𝑔 − 𝑝𝑤) = 𝑆𝑔𝑝𝑔 + 𝑆𝑤𝑝𝑤 (2.7)

The subscripts 𝑔 and𝑤 refer to gas and water, as non-wetting and wetting phase
respectively, and 𝑆 represents the saturation index [29].

2.2 Poroelasticity theory

In a porous medium, the mechanics describing the behavior of the interac-
tions between the different phases in the simplified assumption of elastic media
is called poroelasticity. This theory was proposed by Biot in 1941 [3] with the
aim at finding displacements, strains and stresses as representative values of the
changes in volume. The responses in terms of surface and subsurface motion
can be expressed in both vertical and horizontal displacements, and are inde-
pendent of the loading history. This means that there is a unique stress-strain
relation, where the medium returns to a relaxed state whenever the applied
loads are removed [28].

In reservoir geomechanics, it is most common to assume an isotropic stress-
strain relation, also due to the fact that model calibration can usually only operate
with vertical land displacement information [30]. Stress-strain relationship is in
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2.2. POROELASTICITY THEORY

this theory expressed with Hook’s law, which reads:

𝜎𝑥𝑥
𝜎𝑦𝑦
𝜎𝑧𝑧
𝜏𝑥𝑦
𝜏𝑥𝑧
𝜏𝑦𝑧


= 𝐷



𝜖𝑥𝑥
𝜖𝑦𝑦
𝜖𝑧𝑧
𝜖𝑥𝑦
𝜖𝑥𝑧
𝜖𝑦𝑧


(2.8)

where 𝜎𝑖 𝑗 and 𝜏𝑖 𝑗 are the components of the effective stress tensor, and which
can also be rewritten as 𝝈 = 𝐷𝝐. The constitutive matrix for the isotropic and
elastic medium (𝐷) can be defined as:

𝐷 =
𝐸(1 − 𝜈)

(1 + 𝜈)(1 − 2𝜈)



1 𝜈
1−𝜈

𝜈
1−𝜈 0 0 0

𝜈
1−𝜈 1 𝜈

1−𝜈 0 0 0
𝜈

1−𝜈
𝜈

1−𝜈 1 0 0 0
0 0 0 1−2𝜈

2(1−𝜈) 0 0
0 0 0 0 1−2𝜈

2(1−𝜈) 0
0 0 0 0 0 1−2𝜈

2(1−𝜈)


(2.9)

where 𝐸 and 𝜈 are Young’s Modulus and Poisson ratio respectively. These
parameters are sufficient to describe the system’s status and relate 𝝈 and 𝝐. The
relations between these values and the vertical uniaxial compressibility 𝑐𝑀 can
be expressed as follows:

𝑐𝑀 =
(1 + 𝜈)(1 − 2𝜈)

𝐸(1 − 𝜈) (2.10)

For a transversal isotropy model, where the elastic properties of a medium
differ from the horizontal (expressed with ℎ) to the vertical (expressed with 𝑧)
plane, the constitutive matrix reads:

𝐷 =



1
𝐸ℎ

− 𝜈ℎ
𝐸ℎ

− 𝜈𝑧
𝐸𝑧

0 0 0
− 𝜈ℎ
𝐸ℎ

1
𝐸ℎ

− 𝜈𝑧
𝐸𝑧

0 0 0
− 𝜈𝑧
𝐸𝑧

− 𝜈𝑧
𝐸𝑧

1
𝐸𝑧

0 0 0
0 0 0 2(1+𝜈ℎ)

𝐸ℎ
0 0

0 0 0 0 1
𝐺𝑧

0
0 0 0 0 0 1

𝐺𝑧


(2.11)
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Finally, in a more general way, the compressibility reads:

𝑐𝑀 =
1
𝐸𝑧

(
1 − 2𝜈2

𝑧

1 − 𝜈ℎ

𝐸ℎ
𝐸𝑧

)
(2.12)

It has been demonstrated by Gambolati et al. [1986] [14] that land displace-
ment relies mostly on 𝐸𝑧 . Both 𝜈𝑧 and 𝜈ℎ have restricted variability, between 0
and 0.5 [17], thus playing a more limited role.

Finally, the relations between strains and displacement vector are:

𝜖𝑥𝑥 =
𝜕𝑢
𝜕𝑥

𝜖𝑥𝑦 =
1
2

(
𝜕𝑢
𝜕𝑦

+ 𝜕𝑣
𝜕𝑥

)
𝜖𝑦𝑦 =

𝜕𝑣
𝜕𝑦

𝜖𝑦𝑧 =
1
2

(
𝜕𝑣
𝜕𝑧

+ 𝜕𝑤
𝜕𝑦

)
𝜖𝑧𝑧 =

𝜕𝑤
𝜕𝑧

𝜖𝑧𝑥 =
1
2

(
𝜕𝑤
𝜕𝑥

+ 𝜕𝑢
𝜕𝑧

) (2.13)

2.3 Constitutive Laws

When describing the behavior of soil and, in particular, the stress-strain
relation, the concept of constitutive laws has to be introduced.

Due to its simplicity, most applications use Hook’s law to describe a lin-
ear elastic behavior under loading and unloading conditions, and Coulomb’s
law as failure criterion. Nonetheless, it is clear that these simple formulations
cannot appropriately describe the domain response, as a time dependant and
non-linear behavior has often been observed [32]. The discrepancies between
pressure variation and land displacements must take into account the mechani-
cal behavior of these deep formations, and should consider viscous effects [20].
The use of more accurate constitutive laws allows for a better analysis, as it is
examined in the following chapter.

In the current project, the reservoir has been proven to be better described
throughout a Soft Soil Creep Model (SSCM), which was first developed by
Vermeer et al. in 1999 [33]. This model considers near-normally consolidated
clay, clayey silts and peat as soft soils which possess a high rate of compressibility.

Strain rate is split into two components, plastic and elastic, and can be read
as follows:

𝝐¤ = 𝝐¤ 𝑒 + 𝝐¤ 𝑝 (2.14)
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The elastic fraction can be further defined as:

𝝐¤ 𝑒 = 𝐷−1𝝈¤ (2.15)

where 𝝈¤ represents the rate of internal stress and 𝐷 is once again the elastic
matrix, function of 𝜈 and 𝐸.

This second parameter 𝐸 is stress-dependent and is updated according to the
following law, with 𝑘∗ the modified swelling parameter:

𝐸 = −(1 − 2𝜈)𝜎𝑥𝑥 + 𝜎𝑦𝑦 + 𝜎𝑧𝑧

𝑘∗ (2.16)

On the other hand, also plastic strain plays an important role and is governed
by equation 2.17:

𝝐¤ 𝑝 = 𝛾¤ 𝜕𝑝𝑐
𝜕𝝈

(2.17)

where 𝛾¤ is the plastic multiplier rate and 𝑝𝑐 is a representation of the stress state.
In particular, 𝑝𝑐 can be described as a plastic potential and denoted as:

𝑝𝑐 = 𝑝 + 𝑐
tan 𝜙

+ 𝑞2

𝑀2(𝑝 + 𝑐
tan 𝜙 )

(2.18)

In this equation:

• 𝑝 = − 𝜎𝑥𝑥+𝜎𝑦𝑦+𝜎𝑧𝑧
3 is the volumetric stress;

• 𝑞 =
√
𝜎𝑥𝑥(𝜎𝑥𝑥 − 𝜎𝑦𝑦) + 𝜎𝑦𝑦(𝜎𝑦𝑦 − 𝜎𝑧𝑧) + 𝜎𝑧𝑧(𝜎𝑧𝑧 − 𝜎𝑥𝑥) + 3(𝜏2

𝑥𝑦 + 𝜏2
𝑦𝑧 + 𝜏2

𝑧𝑥)
is the deviatoric stress;

• 𝑐 is the cohesion;

• 𝜙 is the friction angle;

• 𝑀 = 3
√

(1−𝐾𝑁𝐶0 )2
(1+2𝐾𝑁𝐶0 )2 +

(1−𝐾𝑁𝐶0 )(1−2𝜈)(𝜆∗𝑘∗ −1)
(1+2𝐾𝑁𝐶0 )(1−2𝜈)𝜆∗𝑘∗ −(1−𝐾𝑁𝐶0 )(1+𝜈) , which corresponds to the

slope of the Critical state line in the plane of the stress invariants.

The plastic multiplier rate present in 2.17 is instead defined as:

𝛾¤ =
𝜇∗

𝜄∗ 𝜕𝑝𝑐𝜕𝑝

(
𝑝𝑐
𝑝𝑐,𝑟

) 𝜆∗−𝑘∗
𝜇∗

(2.19)
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where:

• 𝜄∗ is a time of reference which is related to normal-consolidation state when
in a standard oedometer test;

• 𝜇∗ is the creep index;

• 𝑝𝑐,𝑟 is the pressure obtained in a consolidation process at a reference strain
rate 𝜇∗

𝜏∗ and is referred to as preconsolidation equivalent pressure [20].

The ratio 𝑝𝑐
𝑝𝑐,𝑟

at the initial time, can be expressed as another parameter, called
Overconsolidation Ratio (OCR):

OCR =
maximum effective stress ever experienced

existing effective stress (2.20)

A soil is said to be overconsolidated when the present effective stress has been
exceeded in its stress history [9].

By following the approach developed by Vermeer, a three-dimensional Elasto-
Plastic Rate Dependent Model (EPRDM) can be implemented into a Finite Ele-
ments (FE) geomechanical simulator, which will better discussed in the coming
chapter.

The parameters required by SSCM are summarized here:

• 𝑐: cohesion [Pa];

• 𝜙: friction angle;

• 𝑀: critical state line;

• 𝜈: Poisson coefficient;

• 𝜆∗: modified compression index;

• 𝑘∗: modified swelling index;

• 𝜇∗: creep index;

• 𝜄∗: reference time [s];

• 𝑝𝑐,𝑟,0: initial reference stress [Pa].

11
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It is useful to inquire and compare the effects of a rate-dependent and inde-
pendent constitutive models in large scale conditions, since this can emphasize
diverse behaviors from a mechanical viewpoint. Surface displacement can be af-
fected and delayed, giving therefore a physical explanation for these conditions.
A constant monitoring of the deformations can support in selecting the most
suitable constitutive behavior by integrating point-scale provided information
into averaged large scale values.

2.4 Faults and Fractures

When operating with the injection of fluids in an underground reservoir, it
can happen to occur in related geomechanical issues. A common feature in deep
reservoirs is the presence of faults. A geological fault is a discontinuity in a 3D
porous medium and consists of two friction surfaces which are in contact with
each other. The mechanical behavior of faults can be described through con-
tact mechanics, and its fundamental aspects are traditionally traction balance,
friction law on the fracture and nonpenetration condition.

Given these discontinuities within the subsurface, some further evaluations
have to be discussed, with several consequences in effective stress changes within
the domain.

In general, multiple issues can be associated with CO2 sequestration from a
geomechanical viewpoint:

1. The possible activation of sealing faults, which would lead to the creation
of possible pathways for the CO2 to escape.

2. Shear or tensile failure in the caprock and injected sandstone.

3. Ground deformation, which is of major concern for anthropogenic build-
ings or infrastructures, above or close to the reservoir [10, 6].

Generally, the strength acting on the fault can be divided into the normal
and tangential component, t = 𝜎𝑛n + 𝝉𝑠 and, whenever normal stress is set as a
negative value, this represents compression.

Particularly, faults activation can occur when shear stress acting on a failure
plane exceeds a failure criterion. One of the most commonly accepted criteria to
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Figure 2.1: Representative stress state of a Porous medium expressed by Mohr’s
circle. Adapted from [31]

describe this behavior is the Coulomb criterion, that reads:

‖𝝉𝑠 ‖ ≤ 𝑐 − 𝜎𝑛 tan 𝜙 (2.21)

Where the shear and normal components of the stress acting on the fracture
surface relate to the cohesion and the friction angle. Failure mechanisms can also
have a graphical representation in Mohr’s plane, as depicted in Fig. 2.1, where
shear failure occurs whenever Mohr’s circle touches the failure line. Moreover,
tensile failure is described by the circle crossing the vertical axis.

Whenever this condition happens, the fault can slip, leading to a pathway
for carbon dioxide escape, or even open in case of a normal tensile stress.

How close the fault is to being reactivated is analyzed by means of a safety
factor, defined in [10]:

𝜒 = 1 − 𝜏𝑠
𝜏∗ (2.22)

where 𝜏𝑠 = | |𝝉𝑠 | |2 and 𝜏∗ = 𝑐 − 𝜎𝑛 tan 𝜙 are the actual shear stress and the
maximum admissible shear stresses on the discontinuity surface, respectively.
Whenever 𝜒 gets closer to zero, shear failure is likely to occur.

Gas injection is characterized by an increase in 𝝈, which can induce fault
sliding and/or opening. Slippage is likely to happen in faults confining the
site laterally and vertically, as the stiffness of the surrounding porous medium
opposes the deformation of the reservoir. This can occur when the tangential
component of the acting strength 𝜏𝑠 = 𝜏∗, and its direction is expressed through
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the now known shear vector 𝒕𝑡 can be defined by [12] as:

𝒕𝑡 = 𝜏∗ u𝑟
‖u𝑟 ‖ (2.23)

with the subscript 𝑟 meaning relative displacement. It reads:

u𝑟 = u𝑏 − u𝑡 (2.24)

The normal contact conditions on the fracture can be summarized as:

• 𝜎𝑛 = t · n ≤ 0, defining that only compressive traction is allowed for;

• 𝑔𝑛 = u𝑟 · n ≥ 0, for non penetration condition;

• 𝜎𝑛𝑔𝑛 = 0, stating that the fracture is either compressed or open.

While the conditions related to the frictional component are:

• | |𝜏𝑠 | |2 ≤ 𝜏∗, which is Coulomb’s criterion;

• g𝑡 · 𝒕𝑡 − 𝜏∗ | |g𝑡 | |2 = 0, where frictional traction is aligned with sliding rate.

Where u𝑟 = 𝑔𝑛n + g𝑡 is the split of the relative displacement into normal and
tangential components [13].

It is important to mention that the described geomechanical changes can
occur not only in the area subjected to pressure variation, but also in overburden
layers, as observed by [25]. Consequences can be noticed up to the surface above
the site of interest, hence aspects such as ground deformation become also of
vital importance, especially in on-shore applications. Ground ruptures have
to be avoided as they can be the cause of CO2 leakage and escape, but when
dealing with off-shore sites, it is less probable that this behavior would damage
the existing infrastructures.

To solve equation 2.5, a set of boundary conditions is required. They are
Dirichlet and Neumann conditions:

• Dirichlet conditions define the displacement function on the boundary;

• Neumann conditions represent external loads.
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3
Numerical Model

Once the appropriate mathematical model has been selected and proper
boundary conditions have been set, a numerical approach can be used to ap-
proximate the solution. Since this problem is described throughout a system
of partial differential equations (PDEs), the two most used numerical solution
methods are:

• finite element (FE) method;

• finite volume (FV) method.

Both approaches discretize the domain of interest with a given set of ele-
ments/volumes. Based on this subdivision, a discrete version of the function
space where the solution lies can be built using basis functions related to the
discretization.

The present study focuses only on FE, traditionally more suited to solve
structural problems. However, FV can be used as well. The presence of faults is
incorporated into the model with the use of zero-thickness elements defined as
Interface Elements (IE), which are fundamental for an appropriate description
and modeling of the effects that these discontinuities cause in the domain. This
is due to the fact that traditional finite elements do not allow relative movements
between adjacent elements.
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3.1. WEAK FORM OF THE STRUCTURAL PROBLEM

3.1 Weak form of the structural problem

The virtual work principle, needed to solve the governing equation with a
variational method, reads:

𝜕𝑊𝑖 − 𝜕𝑊𝑒 = 0 (3.1)

where 𝜕𝑊𝑖 is the internal virtual work and 𝜕𝑊𝑒 the external. More specifically,
in a 3D domain Ω, 𝜕𝑊𝑖 can be written also as:

𝜕𝑊𝑖 =
∫
Ω
𝜕𝝐𝑇𝝈 𝑑𝑉 −

∫
Ω
𝜕𝝐𝑇1𝑏𝑝 𝑑𝑉 (3.2)

since, according to Terzaghi’s principle for porous media �̂� = 𝝈 − 𝑏1𝑝.
The external work can be expressed as

𝜕𝑊𝑒 =
∫
Ω
𝜕u𝑇𝜌𝑏g 𝑑𝑉 +

∫
𝜕Ω

𝜕u𝑇t 𝑑𝑆 (3.3)

In a faulted reservoir, given the critical role played by the activation of faults,
their contribution must also be considered in the formulation. By associating
the virtual work equation in the continuum (3.1) to the current setting, it can be
stated that:

𝜕𝑊𝑖 + 𝜕𝑊𝑓 − 𝜕𝑊𝑒 = 0 (3.4)

where the introduced term 𝜕𝑊𝑓 represents the fault virtual work. Considering
a fault Γ in the 3D domain, it can be represented by a pair of inner surfaces,
called Γ𝑡 and Γ𝑏 , where 𝑡 and 𝑏 stand for top and bottom respectively.

In this work, the contact constraints are imposed through the Lagrange mul-
tipliers technique. The strengths on the discontinuity surface, that coincide with
the Lagrange multipliers 𝝀, ensure the continuity of displacement when the con-
ditions expressed in 2.21 are verified. The fault portion where this criterion is
not verified is defined as Λ ⊆ Γ. Describing the virtual work of the fault takes
into consideration two attributes, one provided by virtual displacements and
strengths where continuity of the solution is prescribed, and the other related
to opening and sliding of the fault in its activated part. Equation 3.5 reads:

𝜕𝑊𝑓 =
∫
Γ\Λ

𝜕u𝑇𝑟 𝝀 𝑑𝑆 +
∫
Γ\Λ

𝜕𝝀u𝑇𝑟 𝑑𝑆 +
∫
Λ
𝜕u𝑇𝑟 t 𝑑𝑆 (3.5)

Whenever opening occurs, the involved fault portion Λ does not contribute to
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virtual work, since both normal and shear strength are null (𝜆𝑛 = 𝝀𝑠 = 0).
Equation 3.4 can be explicitly rewritten as:∫

Ω
𝜕𝝐𝑇𝝈 𝑑𝑉 +

∫
Γ\Λ

𝜕u𝑇𝑟 𝝀 𝑑𝑆 +
∫
Γ\Λ

𝜕𝝀𝑇u𝑟 𝑑𝑆 +
∫
Λ
𝜕u𝑇𝑟 t 𝑑𝑆

=
∫
Ω
𝜕𝝐𝑇1𝑏𝑝 𝑑𝑉 +

∫
Ω
𝜕u𝑇𝜌𝑏g 𝑑𝑉 +

∫
𝜕Ω

𝜕u𝑇t 𝑑𝑆 (3.6)

By using an uncoupled approach, in this work the pore pressure 𝑝 is an external
source of strength, which is provided by a flow model.

3.2 Finite Element Method

This section presents the FE method firstly by providing its general formu-
lation, and afterwards with the detailed specific case used in the current thesis.

3.2.1 General formulation

By solving the numerical model, the displacement can be approximated at
the point x by the function uℎ(x) ∈ U ℎ , with U ℎ a finite Hilbert function space,
which is generated by piecewise polynomials corresponding to the FE nodes in
the domain. In a compacted form this expression can be written as:

uℎ(x) = 𝑁𝑢(x)u (3.7)

with 𝑁𝑢(x) a matrix collecting trilinear basis functions, selected in accordance
to the use of hexahedral elements to discretize the domain. The vector u =

[𝑢, 𝑣, 𝑤]𝑇 represents the nodal displacement in a 3D setting.
Likewise:

𝝀ℎ(x) = 𝑁𝜆(x)𝑅𝝀 = 𝑁𝜆(x)𝝀𝒈 (3.8)

with the fault strength approximated by 𝝀ℎ(x) ∈ ℒℎ , which again is a finite
Hilbert function space generated by piecewise polynomials corresponding to
the FE nodes in Γ𝑡 ≡ Γ𝑏 . The subscript 𝑔 refers to the global nodal strength,
related to the local strength by the rotation matrix 𝑅.

Matrices 𝑆𝑡 and 𝑆𝑏 map the nodal displacements on the fault surfaces from
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3.2. FINITE ELEMENT METHOD

u and can be used to rewrite the relative displacement as:

uℎ𝑟 = 𝑁𝑢𝑆𝑏u − 𝑁𝑢𝑆𝑡u = 𝑁𝑢𝑆u (3.9)

Under the hypothesis of small deformations, strains as reported in 2.13 can
be approximated as:

𝝐ℎ = 𝐿uℎ = 𝐿𝑁𝑢u = 𝐵u (3.10)

where 𝐿 is the first order differential operator that relates strain to displacement,
and 𝐵 the deformation matrix.

The effective stress, according to the constitutive model that is selected, can
be written as:

𝑑𝝈ℎ = 𝐷𝑡 𝑑𝝐𝒉 (3.11)

with 𝐷𝑡 tangent constitutive matrix.
The discrete shear strength 𝝉∗ℎ along Λ is related to uℎ𝑟 according to equation

2.23, also referred to as principle of maximum plastic dissipation. By using the
defined function 𝝀ℎ and with n the vector normal to Λ, 𝜏∗ is:

𝜏∗ = 𝑐 − tan𝜑n𝑇𝑁𝜆𝑅𝝀 (3.12)

Introducing the term ‖u‖𝐻 =
√

u𝑇𝐻u as the H-energy norm of u, with 𝐻 =

𝑆𝑇𝑁𝑇
𝑢𝑁𝑢𝑆, positive and semi-definite matrix, vector 𝝉∗ℎ can be written as:

𝝉∗ℎ = (𝑐 − tan𝜑n𝑇𝑁𝜆𝑅𝝀) 𝑁𝑢𝑆u√
u𝑇𝑆𝑇𝑁𝑇

𝑢𝑁𝑢𝑆u
= (𝑐 − tan𝜑n𝑇𝑁𝜆𝑅𝝀)𝑁𝑢𝑆u

‖u‖𝐻 (3.13)

The final numerical model can therefore be described by adding these expres-
sions inside equation 3.6, which represented the general virtual work principle,
and read:

𝜕u𝑇
∫
Ω
𝐵𝑇𝝈ℎ 𝑑𝑉 + 𝜕u𝑇

∫
Γ\Λ

𝑆𝑇𝑁𝑇
𝑢𝑁𝜆𝑅𝝀 𝑑𝑆 + 𝜕𝝀𝑇

∫
Γ\Λ

𝑅𝑇𝑁𝑇
𝜆𝑁𝑢𝑆u 𝑑𝑆 +

+ 𝜕u𝑇
∫
Λ
(𝑐 − tan𝜑n𝑇𝑁𝜆𝑅𝝀) 𝐻u

‖u‖𝐻 𝑑𝑆 =

= 𝜕u𝑇
∫
Ω
𝐵𝑇1𝑏𝑝 𝑑𝑉 + 𝜕u𝑇

∫
Ω
𝑁𝑇
𝑢 𝜌𝑏g 𝑑𝑉 + 𝜕u𝑇

∫
𝜕Ω
𝑁𝑇
𝑢 t 𝑑𝑆 (3.14)

This equation has to be true for any virtual displacement 𝜕u and virtual
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strength 𝜕𝝀. This can be rearranged as a non-linear system with unknown u and
𝝀, in a compacted form as: {

𝐹1(u, 𝝀) = 0

𝐹2(u, 𝝀) = 0
(3.15)

where 𝐹1 solves the approximated final numerical model, and 𝐹2 expresses the
non-respect of constrains, such as non penetration. The resolution of the system
3.15 is carried out with the Newton scheme that, starting from an initial value,
proceeds as in 3.16. The solutions are computed by solving the linear system
with the Jacobian matrix 𝐽(𝑘) = 𝐽(u(𝑘), 𝝀(𝑘)) :[

u(𝑘+1)

𝝀(𝑘+1)

]
=

[
u(𝑘)

𝝀(𝑘)

]
+
[
𝛿u
𝛿𝝀

]
and 𝐽(𝑘)

[
𝛿u
𝛿𝝀

]
= −

[
𝐹1

𝐹2

]
(3.16)

In this way, convergence is achieved when a vector norm, that can be either the
norm of the displacement increment or the norm of unbalanced forces, usually
normalized by its initial value, gets below a previously defined tolerance [12].

Finally, further details can be useful to fully define the numerical modeling
of faults. As already mentioned, they are incorporated into the 3D model and
substantially improve the prediction of both stress and displacement. The most
common method used to simulate the mechanics of faults is based on zero-
thickness elements which can describe behavior such as slippage or openings,
and which are usually referenced as IE. This formulation is one of the many that
have been based on the studies conducted by Goodman et al. in 1968 [18].

It can be said that the main feature characterizing IE formulations have been
reviewed in literature and mainly depend on aspects such as:

• the chosen disctretized unknowns, which can be stress, displacement or
both;

• the exact imposition of a constitutive law for contact, such as Coulomb or
Tresca among others;

• the algorithm used to solve contact constrains, such as the penalty method
or, as in this case, Lagrange multipliers.

Moreover, as described in [12], the activation of the fault is the main non-
linearity of the model, and operating modes from a numerical point of view can
be set as:
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Figure 3.1: Hexahedral Finite elements grid examples, with regular (a) and
irregular (b) elements. Adapted from [22].

• Full opening: the nodes are not in contact and a free relative displacement
is allowed. The Lagrange multipliers are known and equal to zero;

• Full closure: the fault is compressed and the Coulomb criterion is satis-
fied. The Lagrange multipliers are unknown and no relative movement is
allowed for between two corresponding nodes;

• Slipping: the fault is compressed, but the limit shear strength is not able
to prevent sliding. The Lagrange multiplier 𝝀 acting on the normal direc-
tion is unknown, while the components lying on the contact surface are
computed using equation 2.23.

3.2.2 Specific case

In this study, the mechanical equilibrium equation is solved using the GEPS3D
code, a finite element simulator developed by the University of Padova [10, 30].
The finite elements which were selected to describe the site are eight-node hexa-
hedral elements (Fig. 3.1), which demonstrate to be less influenced by the degree
of refinement of the grid, when compared to the thetrahedral elements. For a
generic finite element 𝑒, the shape function 𝑃𝑒𝑖 , which is used to interpolate
the variable within elements, and is associated to the nodes 𝑖 = 1, .., 8 of the
elements, is:

𝑃𝑒𝑖 =
1
8 (1 − 𝜉) (1 − 𝜂

) (1 − 𝜁) (3.17)

expressed in the local reference frame
(
𝜉, 𝜂, 𝜁

)
. By multiplying the shape func-

tion by the identity matrix 𝑃𝑒𝑖 𝐼8 = 𝑁 𝑒
𝑢 , with obtained𝑁 𝑒

𝑢 known as basis function.
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Figure 3.2: Linear IE connected to a 3D mesh.

In the same way, 𝑁 𝑒
𝜆 quoted in equation 3.8 can be expressed as 𝑁 𝑒

𝜆 = 𝜃𝑒𝑖 𝐼4,
where 𝜃(x) is a piecewise constant function, with 𝜃(x) = 1 if the point x is inside
the area associated with a considered node.

Regarding the constitutive law, a correct description depends much on as-
pects like process scale and, as it happens in this study, Coulomb strength
criterion is favoured at a macroscale level [11].

An example of zero-thickness IE which corresponds to the specific case is
depicted in Fig. 3.2, where the pair of bilinear elements with coinciding nodes
can be observed. It must be noted that the considered case has quadrilateral IE,
in accordance with the hexahedral mesh (the specific mesh used in this thesis
can be found in Chapter 4, Figure 4.1). Moreover, the local reference frame helps
in identifying the normal and transversal direction of the element.

For a more comprehensive discussion on the topic, the reader can consult
the work by Franceschini et al. [12], which provides additional insights.
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4
Site Description

The site investigated in the current thesis work is located in the offshore of
the Adriatic Sea, northern Italy. A geomechanical simulation is performed in a
geological formation where a potential injection of CO2 could occur, with the
objective of analyzing the related surface displacements and possibly investi-
gating the potential activation of sealing faults located in the surroundings of a
depleted hydrocarbon reservoir.

The reservoir is located between 1500 and 3800 m below the mean sea level
and has been developed since the late ’60s. From a sedimentological and struc-
tural point of view, the site has turbiditic origins, from Marine Quaternary to
Pliocene, and results from extensive tectonic activity during the Jurassic and
Cretaceous period with compressive activity until the present day.

Fig. 4.1 shows grid developed to discretize the model domain. It covers an
area of 57x31 km2, with a depth range down to 8 km. The 3D mesh consists
of 1,274,490 hexahedral elements and 62,242 quadrilateral interface elements,
and a total of 1,376,846 nodes. The mesh is more refined, in both vertical
and horizontal directions, near the reservoir. This is due to the need for a more
accurate description in that location, and also by the morphology of the reservoir
itself.

Five different layers associated with different materials’ properties are mod-
eled:

• Overburden, with an elevation between -13 m and -1460 m;

• Sideburden, with an elevation between -1460 m and -5100 m;
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Figure 4.1: 3D mesh of the investigated site. The mesh consists of 1,274,490
hexahedral elements and 62,242 quadrilateral interface elements, with a total of
1,376,846 nodes.

• Interlayer, with an elevation between -1460 m and -5100 m;

• Reservoir, with an elevation between -1460 m and -4700 m, but intertwined
with the interlayers;

• Underburden, with an elevation between -5100 m and -8000 m.

The various layers are represented in an axonometric projection of the mesh
in Fig. 4.2, where the level of detail and variability for the elements along the
vertical axis are well represented. They can also be observed along section A-A’
in Fig. 4.3, where the five top layers are colored in blue, the five bottom layers
in light blue, reservoir and interlayer are red and yellow respectively, and the
sideburden is in green.

The reservoir is surrounded by eleven sealing faults which act as imper-
meable boundaries for the propagation of CO2 and pore pressure, while could
potentially jeopardize the results of the sequestration process if reactivated by
the change of the natural stress regime. The system of faults is depicted in Fig.
4.5. A top view can be observed in Fig.4.4.

A more detailed stratigraphy of the site can be observed in Fig. 4.6, where
the depth interval of reservoir involved in the extraction and then selected for
the CCS development is here depicted in purple and indicated as TOP-PL2C.
The depth range is comprised between approx −2800 and −3000 m below sea
level. Another aspect that this section highlights is the layering offset along a
few sealing faults bounding the reservoir, and denoted as fault 11 (also referred
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Figure 4.2: Axonometric view of the 3D domain. The vertical scale is exaggerated
by a factor 5 with respect to the horizontal scale.

Figure 4.3: Model domain along section A-A’ (as in Fig. 4.4) with a detail on the
5 materials composing the 3D mesh. The reservoir and interlayer are in red and
yellow respectively.

to as fault-south), fault 3, and fault 1. The discontinuity in the domain that these
fractures cause is well expressed in this figure.

The primary production phase began in 1969 and lasted until the early 2000s.
This is clearly visible by the time trend of the normalized pressure in the reservoir
as shown in Fig. 4.7. The pressure recovery observed after the end of production,
which is due to natural groundwater flow from the aquifer surrounding the
reservoir, made the site perfect for a first attempt to inject CO2. Pressures
are normalized relative to the initial pressure value before the beginning of
production due to confidentiality reasons.
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Figure 4.4: Top view of the fault system within the domain. Section A-A’ is
highlighted.

Figure 4.5: Axonometric projection of the fault planes with reference number.
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Figure 4.6: Traces of the production and injection wells projected along the
vertical section A-A’.

Figure 4.7: Behavior versus time [years] of the normalized pressure in the reser-
voir over the production phase.
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5
Numerical Simulations

This chapter reports the settings and results of the performed numerical
simulations, which can be divided into two main sections:

• Section 5.1: Primary production from the unit PL2C of the reservoir;

• Section 5.2: CCS simulation, with CO2 injection performed in a portion of
the unit PL2C.

The model has been preliminary run to check for consistency characterizing
the entire domain with a linear elastic behavior. Parameters from previous
studies, such as the one carried out by Castelletto et al. [5] or Teatini et al. [29]
in the area, and data provided by the production company are used (Table 5.1).

𝐸𝑧 [MPa] 3.217

𝜈𝑧 0.3

𝐸ℎ/𝐸𝑧 1.0

𝜈ℎ/𝜈𝑧 1.0

Table 5.1: Input parameters for the simulations using a linear elastic law.

The description of the mechanical behavior of the reservoir and interlayers
has then been improved using SSCM relationship. The set of parameters repre-
sentative of the SSCM behavior for the site of interest are provided by the energy
company and are listed in Table 5.2. A parametric analysis has been performed
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for both sets of simulations to analyze the model sensitivity, in terms of displace-
ment, to changes in viscosity or elastic /plastic compressibility parameters.

𝑐 [MPa] 0

𝜙 30

𝑀 1.330

𝜈𝑣 0.3

𝐸ℎ/𝐸𝑧 1.0

𝜈ℎ/𝜈𝑧 1.0

𝜆∗ 4.630×10−2

𝑘∗ 6.290×10−3

𝜇∗ 8.378×10−4

𝜄∗ [s] 2.700×10−3

𝑂𝐶𝑅 1.379

Table 5.2: Original input parameters for the simulations using SSCM. Refer to
Section 2.3 for parameter explanation.

For both simulations, the parametric analyses have been based on the fol-
lowing four scenarios:

• S1: The whole domain is characterized by a linear elastic relationship;

• S2: SSCM is assigned to reservoir and the interlayers, with the original
parameters provided by the energy company given in Table 5.2;

• S3: as S2 with 𝜇∗ decreased by one order of magnitude, from 8.370 × 10−4

to 8.370 × 10−5;

• S4: as S2 with 𝑂𝐶𝑅 increased from 1.379 to 2.379.

Notice that in the following the suffix (P) is used to indicate primary produc-
tion and (I) to indicate CO2 injection.

The change in stress field has been also investigated for all the simulated
cases. It is important to mention that, among the valuable information pro-
vided by the energy company, the behavior of the vertical effective stress with 𝑧
(Fig. 5.1) has been supplied, allowing for more realistic analyses.
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CHAPTER 5. NUMERICAL SIMULATIONS

Figure 5.1: Section A-A’ with initial distribution of 𝜎𝑧𝑧 normalized over the
largest value.

5.1 Primary production

5.1.1 Model Set-up

The primary production from the reservoir, which has already been intro-
duced in Chapter 4, has been simulated by the geomechanical model to char-
acterize the stress field at the inception of the CO2 injection and perform a
sensitivity analysis of the displacement field in the surroundings of the extrac-
tion/injection area. The simulations cover a time frame of 53 years, starting
from 1969 until the present day, here set as the year 2022. The pressure variation
experienced by the reservoir is provided in the previous chapter (Fig. 4.7).

The reservoir portion affected by pressure variation has been chosen based on
the available information. Most likely, it does not cover the entire volume affected
by the depletion during the production stage. A detailed top view picture of the
area in which the pressure variation has been considered to develop is provided
in Fig. 5.2.

5.1.2 Result discussion

The parametric analysis carried out for the primary production phase has
allowed to highlight interesting aspects of the model response in relation to the
variability of the constitutive laws. The simulation results are provided in terms
of displacement along the vertical and horizontal directions of the land surface.
As expected, a downward movement of the land surface has been obtained
in all simulations, expressed by the positive values of the normalized vertical
displacement 𝑤. Table 5.3 summarizes the numerical results of the simulations,
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5.1. PRIMARY PRODUCTION

Figure 5.2: Top view close-up of the area involved by the primary production in
terms of pressure variation.

presenting the maximum vertical displacement for the two most significant time
frames corresponding to the end of production phase (1997) and the present day
(2022). The behavior versus time of the same quantity is shown in Fig. 5.3. The
values have been normalized to respect to the largest (vertical) displacement
(subsidence), which was obtained with the S2-P simulation at the present day.

An in-depth analysis of the results obtained with the various scenarios is
provided in the following subsections. Notice that the various maps and sec-
tions produced to show the pattern of the normalized vertical displacements
are bounded between ±0.4 to better capture the domain portion experiencing
the movements. Concerning the normalized horizontal displacements 𝑢 and 𝑣,
which have been normalized again with respect to the largest vertical displace-
ment computed in the scenario S2-P at 2022, the visualization scale has been
limited by ±0.3, since 𝑢 and 𝑣 are smaller than 𝑤.

Additionally, some final considerations are drawn based on the development
of the stress fields in the different cases. The stresses are normalized by the
maximum initial value of vertical effective stress, at the bottom of the domain. A
visualization scale ranges between ±0.16, corresponding to the largest variation.

S1-P: Linear elastic

The elastic parameters used to characterize the first scenario (S1-P) yield a
quite stiff soil, allowing for relative small displacement. In fact, the computed
downward movement is almost one order of magnitude smaller than the one
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TIME [y] 1997 2022

S1-P 0.1803 0.1399

S2-P 0.9174 1

S3-P 0.5906 0.5883

S4-P 0.1107 0.1013

Table 5.3: Largest normalized vertical displacement𝑤 of the land surface during
primary production at two significant times.

Figure 5.3: Behavior versus time of the normalized vertical displacement 𝑤
during primary production.

computed in scenario S2-P (Fig. 5.3).
The largest value in terms of 𝑤 for this simulation is obtained at the end of

the production phase. The behavior of the curve in Fig. 5.3 depicts a displace-
ment evolution that reflects the one of the pressure, with the end of subsidence
coinciding with the end of the actual production phase, between 1997 and 2002,
and a certain rebound afterwards as clearly detectable by comparing Fig. 5.4
and 5.5. Fig. 5.6 shows the 𝑤 distribution along the vertical section A-A’. It must
be noted that the negative value below the reservoir means that the portion of
the domain moves upward due to the reservoir compaction. The pattern of the
horizontal displacements 𝑢 and 𝑣 are depicted in Fig. 5.7 and 5.8, respectively.
As expected, they are characterized by smaller values relative to the vertical
component.
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5.1. PRIMARY PRODUCTION

The change in stress field is another important result of the model, especially
when faults cross or bound the reservoir. Fig. 5.9 presents a vertical section
with the variation of normal stress along the z axis. Here the displayed results
are normalized, and an increase of the vertical effective stress is represented by
the positive sign. Propagation of the stress is very limited, and coherent with
pressure variation: the effective stress increases in the reservoir layer (greenish
colors) and gently decreases above and below (pink colors). The variation of
𝜎𝑧𝑧 is about three times larger than the horizontal components, which are not
provided given their limited variation. The extension of the variation resembles
the area where the pressure change is imposed, and no significant propagation
occurs outside this area.

Figure 5.4: Normalized vertical displacement 𝑤 with scenario S1-P at the end of
the production phase in 1997.
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Figure 5.5: Normalized vertical displacement 𝑤 with scenario S1-P in 2022.

Figure 5.6: Normalized vertical displacement𝑤 along section A-A’ with scenario
S1-P at the end of the production phase in 1997.
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5.1. PRIMARY PRODUCTION

Figure 5.7: Normalized horizontal displacement 𝑢 with scenario S1-P at the end
of the production phase in 1997.

Figure 5.8: Normalized horizontal displacement 𝑣 with scenario S1-P at the end
of the production phase in 1997.
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Figure 5.9: Variation of 𝜎𝑧𝑧 between initial condition and end of the production
phase in 1997 with scenario S1-P along a portion of section A-A’.
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S2-P: SSCM

The peculiarity of the results obtained using the SSCM constitutive model
with the "original" parameter values provided by the energy company is the
delayed subsidence that continues even after the end of the production phase.
This behavior is strictly related to viscous deformations. Moreover, the displace-
ments caused by the reservoir development result much larger in this scenario
than in the previous one.

Figs. 5.4 and 5.5 show 𝑤 in 1997 and 2022. In this scenario the subsidence
caused by the extraction is not limited to an area above the extraction well, but
expands through a larger portion of the domain, reaching the extremities of
the reservoir material in 2022. Moreover, Fig. 5.12 brings the attention to the
increased area where land movement occurs, and offers a good comparison with
the vertical section of case S1-P in Fig. 5.23. These features highlight a possibly
too large viscous deformation, a part of which is caused by the load of the soil
itself. Most likely, the original value of 𝜇∗ is too large and improper to describe
the domain behavior during the production phase.

The horizontal displacements are shown in Figs. 5.13 and 5.14 at the present
day in 2022, where the largest values can be observed accordingly to vertical
displacement. Also in this scenario the horizontal components of the movement
are smaller than the vertical one.

Although the current study presents several limitations, for example due
to the fact that no real information is available concerning the actual volume
experiencing the pressure decline caused by the gas withdrawal, nevertheless
the 𝑤 trend obtained with the S2-P scenario is supported by existing literature.
Palano et al. [24] published a collection of displacement records measured by
Global Navigation Satellite Systems (GNSS) antennas established on offshore
platforms in the Adriatic Sea. In relation to the reservoir of interest, the values
measured by GNSS starting from 2003 are in agreement with the trend provided
by S2-P simulation.

Regarding the variation of 𝜎𝑧𝑧 , the distribution along a vertical section of the
results obtained for S2-P is provided in Fig. 5.15. The changes are larger than
those computed with the scenario S1-P, and also the volume experiencing the
stress change is larger than in the previous case, although it does not propagate
far from the reservoir unit.
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Figure 5.10: Normalized vertical displacement 𝑤 with scenario S2-P at the end
of the production phase in 1997.

Figure 5.11: Normalized vertical displacement 𝑤 with scenario S2-P in 2022.
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Figure 5.12: Normalized vertical displacement 𝑤 along section A-A’ with sce-
nario S2-P at the end of the production phase in 1997.

Figure 5.13: Normalized horizontal displacement 𝑢 with scenario S2-P in 2022.
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Figure 5.14: Normalized horizontal displacement 𝑣 with scenario S2-P in 2022.

Figure 5.15: Variation of 𝜎𝑧𝑧 between initial condition and end of the production
phase in 1997 with scenario S2-P along a portion of section A-A’.
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S3-P: SSCM with reduced 𝜇∗

Scenario S3-P investigates the effect of reducing the value of𝜇∗. The outcomes
point out a significant reduction of the maximum subsidence when compared to
scenario S2-P, as expected (Fig. 5.3). Additionally, reducing this parameter limits
the subsiding area, as depicted in Figs. 5.16 and 5.17, where the normalized value
for vertical displacements at the end of the production phase and at the present
day are shown. The comparison between the two maps allows to detect how,
after the end of the actual production, the residual displacements are almost
null with no rebound (as computed in scenario S1-P) or further land subsidence
(as computed in scenario S2-P).

The horizontal displacements do not differ significantly from the previously
discussed changes, and the results are not displayed. Similarly, also the variation
of the vertical effective stress is comparable to those described for the scenario
S2-P, but with smaller values.

Figure 5.16: Normalized vertical displacement 𝑤 with scenario S3-P at the end
of the production phase in 1997.
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Figure 5.17: Normalized vertical displacement 𝑤 with scenario S3-P in 2022.
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S4-P: SSCM with increased OCR

From the simulations carried out with an increased value of OCR (S4-P),
a high stiffness of the soil can be observed. In scenario S4-P the computed
displacements are even smaller than those in S1-P. This suggests that, most
likely, the selected OCR value is excessively large.

The vertical displacements are provided in Fig. 5.18, showing how this case
provides the smallest area affected by land subsidence. The horizontal displace-
ments are also affected by the change in OCR, where the effect is reduced when
compared to all the other simulations. Scenario S4-P, together with S1-P and
S3-P, show a more linear behavior of the maximum vertical displacement versus
time, with a rebound after the end of the actual production phase, which is more
emphasized in S1-P and S4-P. Stress variation is also similar and more restricted
when compared to S1-P, providing a resembling outcome, which for this reason
is not displayed.

Figure 5.18: Normalized vertical displacement 𝑤 with scenario S4-P at the end
of the production phase in 1997.
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5.2 CO2 injection

5.2.1 Model Set-up

These numerical simulations foresee a two years injection of CO2, with a con-
stant gas injection rate and a pressure variation limited to nine cells surrounding
the injection well, involving a small area as depicted in Fig. 5.19. The process
leads to a constant pore pressure variation, as shown in Fig. 5.20, where the
behavior versus time is represented in terms of normalized values.

Figure 5.19: Top view close-up of the area involved by the injection of CO2 and
pressure variation.

Figure 5.20: Reservoir and bottom hole normalized pressures during CO2 injec-
tion with respect to time [years]. The gas injection rate is also highlighted in
red.
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Figure 5.21: Maximum vertical displacement 𝑤 over time due to CO2 injection
normalized with the largest displacement from production, scenario S2-P.

5.2.2 Results discussion

As for the simulations which describe the injection of CO2, the results show
an interesting variability in terms of relative vertical movement on the land
surface, as reflected in Table 5.4. Consistently with the previous analyses, the
displacement values have been normalized to the largest displacement obtained
during the production phase (scenario S2-P).

TIME [y] 1 2

S1-I -0.00026 -0.00051

S2-I 0.00078 0.00138

S3-I -0.00024 -0.00042

S4-I -0.00024 -0.00042

Table 5.4: Largest vertical land movement on the land surface 𝑤 at the end of
two years of CO2 injection, normalized to the largest displacement computed
during the production phase (scenario S2-P).

Fig. 5.21 provides the behavior versus time of the maximum normalized
vertical displacement. The model computes a surface uplift with the linear
elastic scenario S1-I, and the SSCM scenarios with the modified parameters (S3-I
and S4-I). A certain land subsidence is still expected with the SSCM constitutive
relation when the original set of parameters are accounted for (scenario S2-
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I). However, notice that the movements are much smaller (about 3 orders of
magnitude) than those obtained with the previous set of simulations. The
negative sign means a vertical uplift of the land surface.

To make such a small displacement visible in maps and section, the bounds
of the color scales have been changed with respect to the production phase
simulation. For the vertical displacement 𝑤 the scale has been selected between
±0.002, The visualization scales for normalized horizontal displacements 𝑢 and
𝑣 have also been set between ±0.0008.

In this case as well, final considerations are drawn in relation to the changes
of the effective stress fields in the different simulations. The figures will show
the variation normalized to the maximum initial value of stress. In light of the
smaller variation, the scale has been adjusted to ±0.0005, corresponding to the
largest value.

S1-I: Linear elastic

The results obtained by using a linear elastic constitutive model, drawn
in blue in Fig. 5.21, show a vertical uplift of the land surface which reaches the
largest value when compared to the other simulations after two years of injection.
Both horizontal and vertical displacements can be observed. In Fig. 5.22 and 5.23
a top view and vertical section of the uplift at the end of the injection phase are
displayed, whereas Fig. 5.24 and 5.25 depict the horizontal components along
the 𝑥 and 𝑦 axis, respectively. The order of magnitude of these displacements
has been verified using the analytical model by Geertsma, that provides the
displacement field generated by a uniform pressure variation in a disk-shaped
reservoir embedded in a semi-infinite uniform domain [16].

The model states that:

𝑤 = 2𝑐𝑀ℎΔ𝑝(1 − 𝜈)
(
1 − 𝑑√

𝑑2 + 𝑟2

)
(5.1)

Where:

• 𝑐𝑀 : 0.00023 MPa−1, the compressibility of the volume under consideration;

• ℎ: 67 m approximately, the height of the considered volume;

• Δ𝑝: 0.03 the change in pressure, normalized by the largest value of pressure
in the reservoir;

47



5.2. CO2 INJECTION

• 𝜈: 0.3, Poisson coefficient;

• 𝑑: 2798 m, average depth of the top of the volume;

• 𝑟: 418 m, radius of the area if it was considered to be circular, value
calculated from the knowledge of the surface subject to pressure variation
(550,827 m2).

This results in:
𝑤 = −0.00091 (5.2)

Where the uplift is also normalized by the largest displacement as in S2-P.
This value can be compared with the displacement of -0.00051 obtained with S1-I
after two years of CO2 injection, as reported in Table 5.4. The variability in the
results could, for instance, be caused by the differences between the geometry
in the model and in the simulations.

Also in the injection phase, the change of the stress field remains limited to the
area around the injection zone. Fig. 5.26 shows the variation in vertical effective
stress 𝜎𝑧𝑧 after two years of injection. Notice that the increase in pressure within
the reservoir produces a decrease in the effective stress. The most important
observation is that the stress change caused by the injection does not propagate
to the fault bounding the reservoir. Hence, their initial value of the safety factor
𝜒 is not affected by the injection activity as planned in this analysis.
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Figure 5.22: Normalized vertical displacement 𝑤 as obtained with scenario S1-I
after two years of CO2 injection.

Figure 5.23: Normalized vertical displacement 𝑤 along the vertical section A-A’
as obtained in scenario S1-I after two years of CO2 injection.
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Figure 5.24: Normalized horizontal displacement 𝑢 as obtained with scenario
S1-I after two years of CO2 injection.

Figure 5.25: Normalized horizontal displacement 𝑣 as obtained with scenario
S1-I after two years of CO2 injection.
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Figure 5.26: Variation of normalized 𝜎𝑧𝑧 as obtained with scenario S1-I along
the vertical section A-A’ after two years of CO2 injection.
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S2-I: SSCM

The results of the simulation in terms of maximum vertical displacement as
obtained with the original SSCM constitutive model show, unexpectedly, a still
ongoing subsidence also during the injection phase (Fig. 5.21). Fig 5.27, which
shows the pattern of 𝑤 on the land surface, helps clarifying the reason of this
outcome. In fact, the entire area placed above the "reservoir material", i.e. the
visco-elasto-plastic material, continues to experience a downward movement.
Notice that land subsidence is minimum in the area above the cells where CO2

is injected.
This confirms the conclusions, which are already reported in the analysis

of the S2-P scenario, that the "original" values of the SSCM parameters are
responsible for an excessive viscous deformation that develops over a long time
range due to the soil weight.

Although physically questionable, the model outcomes in terms of horizontal
displacements and change of effective stress are provided in the following for
completeness.

Fig. 5.28 shows how 𝑤 behaves along the A-A’ vertical section through the
injection elements. Fig. 5.28 also points out that a certain uplift takes place
at depth above the area of injection as expected. However the uplift does not
reach the land surface due to the limited areal extent of the volume experiencing
the pressure increase with respect to the surrounding unit moving downward
because of creep.

The pattern and magnitude of the horizontal displacements 𝑢 and 𝑣 are
shown in Fig. 5.29 and 5.30, respectively.

The results of the effective stress variation analysis show a greater variability
with respect to S1-I, but always within a consistent range of values. Fig. 5.31
shows the variation of vertical effective stress 𝜎𝑧𝑧 between the initial condition
and after two years of CO2 injection. The pattern and values are similar to the
results obtained with scenario S1-I (Fig. 5.26).
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Figure 5.27: Normalized vertical displacement 𝑤 as obtained with scenario S2-I
after two years of CO2 injection.

Figure 5.28: Normalized vertical displacement 𝑤 along the vertical section A-A’
as obtained with scenario S2-I after two years of CO2 injection.
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Figure 5.29: Normalized horizontal displacement 𝑢 as obtained with scenario
S2-I after two years of CO2 injection.

Figure 5.30: Normalized horizontal displacement 𝑣 as obtained with scenario
S2-I after two years of CO2 injection.
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Figure 5.31: Variation of normalized 𝜎𝑧𝑧 as obtained with scenario S2-I along
the vertical section A-A’ after two years of CO2 injection.
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S3-I and S4-I: SSCM with reduced 𝜇∗ and increased OCR

The results obtained with scenarios S3-I and S4-I based on modified values of
the SSCM parameters show an almost identical trend of the maximum 𝑤 versus
time (Fig. 5.21). The visco-plastic contribution to the total deformation is much
smaller in these scenarios and the displacements are only gently smaller than
those provided by the linear elastic model. In Fig. 5.21, the grey profile related
to scenario S3-I is not visible as it is completely overlapped by the yellow line
relative to scenario S4-I.

Both the modifications, i.e. a reduction of 𝜇∗ or the increase of OCR, suffice
to make the modeling outcome more consistent with the problem physics. The
only difference that can be observed in terms of vertical displacement, is that
the area where the movement occurs in S3-I is slightly larger than in S4-I, as
depicted in Fig. 5.32 and 5.33, respectively. The horizontal displacements are
not displayed since they resemble the outcome of scenario S1-I.

Likewise, the variation of effective stress resembles the values obtained in
the other simulations and is therefore not displayed. Also in these scenarios the
changes do not reach the fault systems bounding the reservoir.

Figure 5.32: Normalized vertical displacement 𝑤 as obtained with scenario S3-I
after two years of CO2 injection.
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Figure 5.33: Normalized vertical displacement 𝑤 as obtained with scenario S4-I
after two years of CO2 injection.
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Figure 5.34: CO2 injection rate over time as planned in scenario S1-R.

5.3 Limitations and further research

The modeling analyses presented above do not affect the fault stability be-
cause of the limited extent of the area affected by the production and CO2

injection. As stated previously, these behaviors of the pore pressure, especially
the one concerning the reservoir production, are far from being realistic. Also
the CO2 injection plan refers to a preliminary pilot intervention planned by the
energy company to test the injection infrastructures. Consequently, the faults
remain in their original state since the stress change develops far from the dis-
continuity surfaces.

A last modelling scenario carried out with a linear elastic medium (scenario
S1-R in the following) has been developed to test more deeply the fault behavior
in a more stressed condition. The injection rate reported in Fig. 5.34 has been
simulated by the MATLAB Reservoir Simulation Toolbox (MRST) software. The
injection is planned over a period of 10 years within the reservoir layers in the
depth range between 4200 and 4600 m below sea level. The behavior of the
average reservoir pore pressure versus time is shown in Fig. 5.35. The pressure
increases by approximately 5.7 MPa during the 10-year injection period and
remains constant afterward.

The volume affected by the pressure change is highlighted in Fig. 5.36.
The pressure variation has been used as input data to the geomechanical

simulator. The outcomes in terms of displacement distribution are interesting
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Figure 5.35: Pressure behavior over time as planned in the scenario S1-R.

Figure 5.36: Volume experiencing a pressure variation due to injection of CO2
as obtained in scenario S1-R.
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Figure 5.37: Normalized vertical displacement𝑤 as obtained with scenario S1-R
after ten years of CO2 injection.

and meaningful. As an example, Fig. 5.37 shows the simulated land uplift at the
end of the injection period, normalized by the largest displacement obtained in
the previous scenarios.

However, once the IEs are inserted to investigate the possible fault activa-
tion, the nonlinear model does not converge. This unexpected problem has been
experienced independently of the number of faults inserted in the domain. Pre-
vious experiences showed that model convergence is challenging when several
faults are introduced in the discretization due to the model complexity, but it is
when one or two discontinuities are included at the same time.

An in-depth analysis has been carried out to understand the reason for such
an anomalous behavior of the GEPS3D simulator. It has been clarified that it is
related to the 3D mesh features, and specifically to the element shape. Fig. 5.38
shows a portion of the mesh corresponding to the reservoir layers. The elements
are characterized by a horizontal characteristic dimension on the order of 100 m,
but the thickness, i.e. the dimension along the vertical dimension, reduces to
approx 1 m only. The element distortion is really high, causing an extremely poor
quantification of the stress changes, which are computed as partial derivatives
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Figure 5.38: System of faults and detail of the mesh discretization at the reservoir
depth.

of the displacement values at the element nodes (see Section 2.2). Because of
this, also the small displacements computed after one time step of CO2 injection
are responsible for nonphysical huge picks of stress variation in the nearby of
the faults, which largely activate everywhere causing the model failure.

Further improvements, if the mesh is meant to also embody important non-
linearities such as faults, would require the processing of a new 3D grid. Con-
cluding, the analysis has allowed to point out the inappropriateness of the 3D
mesh provided by the energy company to perform geomechanical investigations
with a discontinuous medium, i.e. when the domain is intersected by faults for
which a failure analysis must be developed.
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6
Conclusions

The withdrawal or sequestration of fluids, such as CO2, from / into under-
ground reservoirs should properly address and take into consideration geome-
chanical aspects. These topics are fundamental in relation to the assessment of
the storage capacity of the site with respect to the safety of the injection/pro-
duction processes. Some of the most important issues to consider are land
displacement, shear or tensile failure of the reservoir caprock, and the possible
re-activation of existing faults crossing the formation.

In this thesis, the displacements and stress changes caused by the primary
production and CO2 injection from/in a deep geological reservoir in the Adriatic
offshore are simulated by the geomechanical simulator GEPS3D, using a Finite
Element method.

By applying an uncoupled approach, the estimated pressure field is initially
quantified and then used as input for the geomechanical model. The model has
been tested by performing a parametric analysis, considering a set of constitutive
relationships to describe the mechanical behavior of the reservoir formation. A
simple linear elastic relationship has been initially used (S1), and the outcomes
are then compared with those obtained by a soft-soil creep model (S2). Further-
more, the SSCM parameters provided by the energy company have been varied
by reducing the viscosity (S3) or increasing the overconsolidation ratio (S4) to
test the model sensitivity.

The results of this parametric analysis show a considerable variability in
the outcomes of the simulations. During the production, the largest vertical
and horizontal displacements are obtained in the S2 simulations, with land
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subsidence that is computed also after the end of the production phase when the
reservoir pressure recovers. Land displacements during a 2-year CO2 injection
phase are much smaller than those computed during the primary production.
The use of linear elastic law (S1) predicts the largest vertical uplift and the
largest horizontal displacements. The small injected amount is also reflected in
a limited variation of the effective stress field. On the other hand, the scenario
based on SSCM provides land subsidence also during the injection phase. This
nonphysical behavior is caused by the creep deformation of the reservoir due to
its own weight.

These considerations suggest that the original parameters used in the SSCM
are responsible for an excessive creep. Their adjustment has allowed to achieve
more physical outcomes in terms of land displacements.

Another important outcome of the thesis refers to the 3D mesh provided
by the energy company and used for the geomechanical simulations. In fact,
it was not possible to investigate the possible activation of the fault system
surrounding and crossing the reservoir due to the geometry of the grid that is
made of elements with a huge distortion between the horizontal and vertical
directions. Their dimension amounts to about 100 m along the East-West and
South-North directions and about 1 m along the vertical one. This causes a huge
inaccuracy in the numerical computation of the stress field, with the calculation
of unrealistic stress changes on the discontinuity planes and the failure of the
model convergence.

Therefore, the 3D grid should be re-built to allow a more accurate analysis
of the safety condition of the fault system, and consequently the safety of the
geologic sequestration, following massive CO2 injection. Regarding a pilot ex-
periment of CO2 injection, which will cause a limited pressure increase in a small
reservoir portion quite far from the faults, the modeling outcome has excluded
any change of the stress regime on the faults and a limited movement of the land
surface.
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