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2 Abstract

Following the 2015 Paris Agreement, many countries are switching from fossil fuel to a more renewable energy
supply. However, the CO2 concentration in the atmosphere keeps increasing which makes difficult to accelerate
the transition to a net-zero emission. In 2020, a new record of CO2 concentration at 412.5 ppm was achieved, the
highest concentration seen in the last 800,000 years. For this reason, several technologies have been in the focus to
help reducing the amount of CO2 in the atmosphere as well as keeping it from increasing.
One effective technique in the mitigation of these emissions is called Carbon Capture and Storage (CCS). It is
not a new technology, in fact, it has been used in the Oil & Gas industry since the early 1970s for the purpose
of Enhanced Oil Recovery (EOR). In very general terms, when CO2 is mixed with petroleum in the subsurface,
its viscosity decreases making it easier to extract more oil. In addition, some of the CO2 gets trapped in the rock
which introduced the idea to use the mechanism to reduce CO2 concentrations in the atmosphere.
However, this technique is not absent of risks and it is one of the main drawbacks experienced with activities
that involved the subsurface, the surrounding uncertainties are too great sometimes. Some of the risks that could
be encountered when producing, injecting or drilling a well in the subsurface are: under or over pressurization,
leakage, uplift or subsidence, induced seismicity, and fault reactivation. In order to reduce the mentioned risks,
geomechanical studies help with the understanding of the rock behavior and their response to applied stresses.
In this thesis, UCS and Triaxial laboratory experiments were carried out to test the geomechanical behavior of
different rocks coming from Norway, Denmark and Germany. For the triaxial tests, Ąve different cycles at different
and increasing Pc were performed. Doing so, some main insights were obtained: the modulus of elasticity increases
with depth and conĄning pressure more signiĄcantly with Pc lower than 30 MPa, and plateauing at higher Pc;
the YoungŠs modulus decreases with increasing porosity and increases with increasing cohesion; the P and S waves
velocities change when the yield point is surpassed; with low porosity and high cohesion the acoustic velocities
are not dependent on the Pc, and vice versa; the SYM and DYM follow similar trends; and the elastic modulus is
negatively dependent on the PoissonŠs ratio.
The information and data obtained from this geomechanical study will be of use to model predictions involving CCS
projects to avoid reaching the risks factors mentioned. An example of the lack of knowledge and understanding
about rock behavior could be the induced seismicity caused by the extraction of gas from the Groningen gas Ąeld.
These seismic events acted as a turning point, sparking a necessary shift in perspective and paving the way for a
more informed and balanced perception of activities involving the use of the subsurface.
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3 Introduction

3.1 Climate change and carbon emissions

Most human activities are fueled by energy, both from fossil fuels and more recently from sustainable energies,
such as wind or geothermal energy. However, the latter is not nearly the main energy supplyŮbeing only 11% of
the primary source (Hannah Ritchie et al. (2022))Ůand therefore, we currently rely on oil and natural gas for the
majority of our energy supply. Since the 1970s, the greenhouse effect became a concern for human welfare; several
factors were the source of the rise of carbon dioxide (CO2) emissions, such as aerosols or the use of fossil fuels
(Le Treut et al. (2007)). Since then, the emissions have done nothing but increase which this has been a strong
motivation for several technologies to be either developed or improved rapidly. One could say that CO2 is a natural
compound that exists in the atmosphere; however, the issue resides in the quantity rather than its presence. In
2020, a new record of CO2 concentration at 412.5 ppm was achieved, the highest concentration seen in the last
800,000 years (Figure 3.1 shows data collected up to 2018). and this has been a strong motivation for technologies
to be either developed or improved rapidly.

Figure 3.1: Concentration of CO2 over the past 800,000 years (obtained from the Our World in Data webpage).

The vast amount of scientiĄc information (Pörtner et al. (2022)) pointing towards a rise in the global temperature
has not accelerated solutions to combat the climate change, and people became more skeptical of not only conven-
tional but also certain sustainable technologies. This trend results in phenomenon such as NIMBY: ŠNot In My
Back YardŠ (Pol - et al. (2006)). This skepticism is fueled by the lobbying from powerful corporations wanting to
maintain the Šstatus quoŠ and not helping the transition which ultimately divides the population.

3.2 Carbon capture and storage

Carbon capture and storage (CCS) is one effective technique for mitigating the concentration and emissions of
CO2 involving the utilization of subsurface storage. This approach capitalizes on the valuable knowledge gained
through the extraction of fossil fuels. It also enables more sophisticated and comprehensive investigations into
various risks associated with gas injection into geological formations. These risks encompass induced seismicity
and fault reactivation, ground uplift, as well as potential leakage, among other factors (Oraee-Mirzamani et al.
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2013).
Carbon storage projects started in the late 1970s, but not to reduce carbon dioxide in the atmosphere. The main
purpose was for Enhanced Oil Recovery (EOR) in the subsurface to reduce the viscosity of oil, thereby making
it easier to extract (Martin-Roberts et al. (2021)). Nevertheless, with the introduction of the Paris Agreement in
2015 to keep the global average temperature rise below 2°C above pre-industrial levels (UNFCCC 2015), nowadays,
carbon capture and storage projects are being developed all over the world with the purpose of reducing carbon
emissions in the atmosphere. In order to reach general acceptance of these projects, knowledge about the subsurface
is crucial.
Figure 3.2 shows a sketch of how CCS processes are carried out. In broad terms, the chain starts with industries
emitting CO2 from which it is captured and transported through pipelines to platforms from where itŠs injected to
reservoirs in the subsurface.

Figure 3.2: Carbon capture and storage process - From emission source to CO2 injection (Source: Scottish Carbon Capture
& Storage).

The potential storage sites should have enough porous volume and good permeability to store the necessary amount
of CO2 at a reasonable rate, and the reservoir and surroundings need to be properly characterized to avoid the
risks mentioned earlier (STEMM-CCS 2016).

3.3 Subsurface material modeling

The geological modeling of the subsurface helps to better understand and deĄne the risks caused by injecting a
compound into a reservoir. Fault networks, reservoir connectivity, caprock, and tectonic structures can be deĄned
through seismic imaging at a large scale. This information is used partially to characterize a reservoir and to make
predictions about the integrity of the subsurface.
Factors such as the history of the different formations, heterogeneity, state of stress, pressure gradient, and tem-
perature are necessary variables to take into account when drilling a well and assessing the risks associated with
injection activities. These and many more properties are needed to build a robust and reliable model.
Here is where geomechanics comes into play. Geomechanics focuses on the mechanical behavior of rocks under ap-
plied stress, providing insights into their stress state, deformation parameters, failure characteristics, and stiffness.
By studying the geomechanical properties of the geological material, it becomes possible to assess their response to
injected Ćuids, potential geomechanical risks such as induced seismicity, and the overall integrity of the subsurface.
Geomechanics is a multidisciplinary Ąeld highly relevant to various industries, including civil engineering, petroleum
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engineering, and mining. Its application for injecting compounds into reservoirs allows for a better understanding
of the mechanical behavior of rocks and the associated risks, ultimately leading to improved decision-making and
risk mitigation strategies (De Jager 2007).

3.4 Research topic

The SHARP project (Stress History And Reservoir Pressure) aims at improving quantiĄcation of CO2 storage
containment risks for different reservoirs within the North Sea (Skurtveit et al. (2022)). Several companies are
involved: Shell, BP, Equinor; and the research organizations Delft University of Technology (TU Delft) and the
Norwegian Geotechnical Institute (NGI). This project is divided into Ąve Work Packages (WP). This thesis is
part of WP3: ŠExperimental characterization of rock mechanical behaviour, stress history and related monitoring
attributesŠ.
The main objective from Work Package 3 of the SHARP project (Skurtveit et al. 2022) is as follows:

"The objective of WP3 is the characterization of the rheology and constitutive behaviour of rock material
from North Sea caprock and reservoir rock in relation to stress history and operational stress changes
and its sensitivity to a selection of observable monitoring attributes, validated against Ąeld observations.
Laboratory experiments allow for direct quantiĄcation of the actual deformation behaviour of the reser-
voir and overburden rocks and estimates of burial and stress history. Translating the experimentally
learned deformation behaviour to Ąeld scale in situ conditions and changes requires appropriate upscal-
ing and variational statistics as well as a proper design of relevant and quantiĄable attributes that can
be extracted from Ąeld scale monitoring campaigns."

SpeciĄcally for this thesis, the aim is to characterize the geomechanical properties of the rock samples from the
different storage sites in the North Sea, as identiĄed by the SHARP project, by performing laboratory experiments.

3.4.1 Research question

For the purpose of carbon storage, what are the rheology and constitutive behavior of sandstones forming the
reservoirs in the North Sea?

3.4.2 Research objectives

To answer the research question, the following research objectives are set:

1. Organize sample rock from different sites in Northern Europe.

2. Assess the constitutive behavior of sandstones forming the reservoirs in the North Sea with the following
types of tests:

• Brazilian test.

• UnconĄned compressive strength.

• Triaxial compression.

• Active-source acoustics.

3. Explore spatial variability in elastic and inelastic behavior of different reservoirs in the North Sea with and
without reaching failure.

4. Quantify of acoustic properties with varying stress conditions.

5. Assess waveform changes due to stress variations.

6. Compare static and dynamic elastic modulus.

7. Assess the effect of the porosity on the geomechanical behavior.
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3.5 Thesis outline

This MSc thesis is structured as follows: Sections 2 and 3 helps understanding the context and motivation of this
research. Section 4 gives a geological context of the North Sea, where all the samples were obtained and from which
wells. Section 5 is dedicated to the materials and methodology used during the laboratory experiments. Sections
6 and 7 are dedicated to the results and the discussion of these results. To Ąnalize, a conclusion with all the main
Ąndings is provided in Section 8.
Lastly, the Appendicces section with complementary Ągures summarizes all the data used in this thesis.
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4 Geological setting

The SHARP project is a collective effort to study the mechanical behavior of multiple depleted reservoirs in the
North Sea. Not all of the storage sites are targeting the same geological group. For instance, the Netherlands
is focusing in the Rotliegend Sandstone (Permian), while Denmark is interested in the Upper Triassic Gassum
Fm. (Fm. = Formation). To make a structured and comprehensible reading, Ąrstly, a broad introduction of the
geological history of the North Sea is given in order to understand the tectonics and stratigraphy involved in the
formation of the present subsurface. To follow, different subsections are focused on the target reservoirs of each
location.

4.1 North Sea geological history

The North Sea is situated between Norway (North East), Denmark (East), Germany (South East), the Netherlands
(South), Belgium (South) and Great Britain (West). This area comprises the vast majority of the oil and gas Ąelds
of western Europe (Kombrink et al. (2022)). Figure 4.1 shows the division of the North Sea, the surrounding
countries, and the location of the basins where the main oil and gas Ąelds have been discovered.

Figure 4.1: Map of the North Sea including the main basins and oil and gas Ąelds (from Patruno et al. (2022)). In addition,
it shows the main source rocks linked to those Ąelds which date of the Late Carboniferous and Late Jurassic.

The North Sea tectono-stratigraphic complex history comprises many phases of deformation starting during the
middle Paleozoic when Laurentia, Baltica and Avalonia collided and formed the Caledonian Orogeny (see Figure
4.2), shaping the super terraine of Laurussia (Cocks et al. (2006)).
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Figure 4.2: Reconstruction of the landmasses in the Late Silurian and early Devonian (modiĄed from Cocks et al. (2006)).

During the Late Carboniferous, a second event of compression (Variscan Orogeny) uniĄed the continents of Lau-
russia and Gondwana, forming the well known supercontinent of Pangea situated mostly in the South Hemisphere.
This collision developed thrust structures verging towards the north which can be observed via outcropping on
Southern England in the present (Patruno et al. (2022)). Foreland basins (see Figure 4.3)Ůdeveloped as a result
of this orogenic eventŮmade possible the deposition of source rocks (Westphalian coal) which fed some of the oil
and gas reservoirs at later stages.

Figure 4.3: Schematic regional situation during the Late Carboniferous in the North Sea basin (from Patruno et al. (2022)).

Thereafter, an intra-plate rifting event occurred during the Permo-Triassic period, creating the Permian Basins
which were separated by the North Sea High (see Figure 4.4). The majority of the Permian Basins were occupied by
a saline sea called Zechstein Sea where evaporites and siliciclastic sediments were deposited in different environments
such as sabkha, aeolian, Ćuvial and alluvial. These groups of formations are called Rotliegend Group and are of
extreme importance for the accumulation of hydrocarbons. Given the position of this region in the Equator and
the warm climate, the sea evaporated, thereby depositing a vast amount of evaporites which formed the Zechstein
Group (Geluk 2005).
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Figure 4.4: SimpliĄed reconstruction of the Permo-Triassic relationship between the basins by Coward (1995) and Patruno
et al. (2022), respectively. MNSH refers to the Mid North Sea High.

A thermal uplift during the Mid-Jurassic was followed by the second rifting event in the Late Jurassic period.
Three separated basins were formed in the central and northern parts of the North Sea (see Figure 4.1) being the
Central Graben, the Moray Firth Graben and the Viking Graben (Fjerseth et al. (1997)). The syn-rift deposition
of the Kimmeridge Clay occurs, constituting the major source rock for the North Sea (Cooper et al. (1995)). Once
the rifting activity decreased, a thermal subsidence led to the increase in the sea level and the deposition of a thick
layer of carbonates (Chalk Group) across the whole basin during the Cretaceous. This subsidence extended to the
Early Cenozoic, forming the actual intracratonic sedimentary basin that is the North Sea and the current positions
of the continents.

4.2 Norway (Horda Platform)

The northeast structure from which samples arrived is in the Norwegian sector of the North Sea corresponding to
the Horda Platform. The Horda Platform is located between the west coast of Norway near Bergen and to the east
of the Viking Graben (see Figure 4.5).
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Figure 4.5: Location of the Horda Platform in the Norwegian sector of the North Sea (modiĄed from the Norwegian Petroleum
Directorate (NPD)).

The tectono-stratigraphical evolution of the Horda Platform started during the Permo-Triassic rifting. As the
cross-section shows (Figure 4.6), there is a large rift system underneath a post-rift sediment cover. The Horda
Platform comprises a large half-graben area where the developed faults have massive displacements. During the
Middle Jurassic, a subsidence took place where syn-rift deposition of very heterogeneous and poorly sorted sands
was framed in a marine to shore-face environmental setting (Stewart et al. (1995)). In the cross-section, the black
layer corresponds to the Lower-Mid Jurassic deposits which thin toward the east.

Figure 4.6: General cross-section including the Viking Graben and the Horda Platform (from Fossen et al. (2003)).

These deposits correspond to the target CO2 storage site, Lower Jurassic Dunlin Group comprising the Johansen
and Cook Fm. (Sundal et al. (2016)).

4.3 Denmark (Lisa Structure)

Following Norway, the interested area of study in the Danish sector is located to the east of the North Sea. For the
SHARP project, the Lisa Structure corresponds to a potential storage location of CO2. The targeted formation
is called Gassum Fm. which is a primordial reservoir in the Danish Sector. In this speciĄc location (where the
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red star lies), it amounts to over 180 m of thickness (see Figure 4.7). These sediments were deposited in the Late
Triassic (Rhaetian period) as part of the Norwegian-Danish Basin (Olivarius et al. (2019)).

Figure 4.7: Thickness map and distribution of the Gassum Formation in Northern Europe (modiĄed from the Southern
Permian Basin Atlas in www.nlog.nl).

In Figure 4.8, the high density of faults covering Denmark can be observed. Near the Lisa Structure to the west,
a major fault strikes NW-SE corresponding to the Fjerritslev Fault Zone following to the North Sea towards the
Egernsund Basin (Schack Pedersen et al. (2010)) (better shown in Figure 4.5). This complex tectonic setting
developed, in its majority, during the Permo-Triassic period.

Figure 4.8: Location of the Lisa Structure within the Danish sector of the North Sea (modiĄed from https://data.geus.dk).

4.4 Netherlands / Germany (Analog outcrop)

Part of the SHARP project involves the study of the samples obtained from the Aramis project whose Ąeld is
located offshore nearby Texel island in the northwest of the Netherlands. The targeted reservoir to study comprises
the Upper Rotliegend Group. These formations were deposited in the Southern Permian Basin brought by Ćuvial
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and aeolian environments. As Figure 4.9 shows, in the present, these deposits outcrop in the region of Rhineland-
Palatinate (Number 2 in the map) in Germany and at about 2 km beneath the subsurface of the locations at the
Netherlands (Number 1). Since the samples from location 1 were not available o time, the samples from the quarry
were used as analog results.

Figure 4.9: Structural and geological maps of the Netherlands and part of Germany. The numbers correspond to the locations
of 1) Aramis project Ąeld, 2) Quarry (Upper Rotliegend Group outcrop) (modiĄed from https://macrostrat.org).

Figure 4.10 was obtained from the Southern Permian Basin Atlas project which can be found in the NLOG webpage.
This project comprises several chapters and this thickness map is from Chapter 7 - Rotliegend. This Ągure depicts
the thickness distribution of the Upper Rotliegend Group on the subsurface of the Netherlands and northern
Germany. Near Location no. 1 of Figure 4.9 the thickness can reach up to 400 m which makes the spot very
attractive for storage purposes.

Figure 4.10: Thickness map of the Upper Rotliegend Group (Gast et al. (2010)).
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5 Material & Methodology

Samples from the different reservoirs of the North Sea and the outcropping analog onshore in Germany have been
received in the laboratory of Rock Mechanics at Delft University of Technology.
The main objective was to obtain from all these samples as much mechanical and acoustic behavioral information
as possible. In order to achieve this, several preparations were carried out to the samples received; porosity
measurements, micro CT imaging, shear testing with and without conĄning pressure (Pc), tensile testing, and
acoustic measurements. In addition, some of the data were directly obtained from the interested parties which
carried out their own experiments.
This section describes the steps to prepare the samples for the tests, the Ąrst measurements from this preparation,
and the explanation of the laboratory experiments that sought to meet the aims of this thesis.

5.1 Sample preparation

Some of the samples received by the different parties were Ąrst taken into several steps of preparation before starting
the laboratory experiments. This preparation refers to all of the steps prior to the Ąnal test.
Not all of the samples arrived with the desired dimensions; for example, a block of about 30 cm by 30 cm was
received from the quarry in Germany. Therefore, the Ąrst step was to make plugs. To do this, a coring machine
(see Figure G.30) with a diamond bit of 30 mm diameter was used to make cores from the block. Then, with a
diamond saw machine (see Figure G.31), the length of the extracted plugs were adjusted. For the triaxial and
uniaxial compression tests, the diameter of the samples varied from 25 to 30 mm in diameter and with a length of
twice the respective diameter. After cutting each plug, they were dried for at least a day in an oven at 60°C.
Once dried, each plug was massed and the dimensions were properly measured with a precise digital caliper
(tolerance of 0.1 mm). The next step was to measure the porosity, which was done with a Helium Ultrapycnometer
(see Figure G.33). This device uses helium to Ąll the connected pores inside the sample. This test takes several runs
to show accurate results about the volume and density of the sample. The volume obtained from this equipment
and the measured mass and dimensions of the sample were used in a MATLAB script to determine the porosity.
Once these steps were completed, the selected samples for Uniaxial Compression Strength tests were ready.

For Triaxial Compression testing, the selected samples were saturated with tap water from the laboratory in order
to bring the sample to the desired conditions to start the experiments. In order to Ąll as many connected pores as
possible, the sample was placed in a vacuum to extract the air Ąlling those pores. Once the samples were in this
vacuum for 2 hours at -1 bar, the sample was slowly saturated from the bottom by water (see Figure G.34).
(Visuals of all the equipment in Appendix G)

5.2 Preliminary Data and Samples

For explanatory consistency, the description of the samples are done as with the geological setting, from the north
to the south sectors of the North Sea.

5.2.1 Norway

The Norwegian Geotechnical Institute (NGI) provided data of their tested samples where the CO2 storage site is
located. These data came from the Well 31/5-7 situated between the Troll Field and the Brage Field as shown in
Figure 5.1 which targets the Johansen and the Cook formations.
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Figure 5.1: Offshore well in the Norwegian sector of the North Sea. Map on the left provided by NGI, map on the right
modiĄed from the NPD site.

From this well, three depth intervals were sampled and tested by NGI. The data obtained are provided in Table
5.1. The conducted tests on these samples were Consolidated Isotropic Drained (CID) Triaxial tests with low Pc.

Table 5.1: Information received by NGI about the samples related to the Horda structure. Lithology and depositional envi-
ronment information obtained from Marjanac et al. (1997) and Sundal et al. (2016).

Sample
name

Well Target Fm Lithology Depositional setting
Depth sample

[m]
T2461 31_5-7 Johansen Fine-grained sandstone Deltaic sand facies 2761.00-2761.25
T2463 31_5-7 Johansen Fine-grained sandstone Deltaic sand facies 2761.00-2761.25
T2464 31_5-7 Johansen Fine-grained sandstone Deltaic sand facies 2761.00-2761.25
T2466 31_5-7 Johansen Fine-grained sandstone Deltaic sand facies 2725.00-2725.25
T2467 31_5-7 Johansen Fine-grained sandstone Deltaic sand facies 2725.00-2725.25
T2469 31_5-7 Johansen Fine-grained sandstone Deltaic sand facies 2725.00-2725.25
T2470 31_5-7 Cook Bioturbated sst. and shales Tidal and Ćuvio-estuary 2680.25-2680.50
T2472 31_5-7 Cook Bioturbated sst. and shales Tidal and Ćuvio-estuary 2680.25-2680.50
T2476 31_5-7 Cook Bioturbated sst. and shales Tidal and Ćuvio-estuary 2680.25-2680.50
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Table 5.2: Properties of the samples before the test obtained from NGI.

Sample
name

Diameter [mm]
Length

for test [mm]
Porosity

[%]
T2461 24.39 52.21 31.6
T2463 24.43 52.11 31.9
T2464 24.37 52.06 31.7
T2466 24.56 52.27 23.7
T2467 24.52 52.27 24.0
T2469 25.03 52.33 23.8
T2470 24.86 52.42 22.7
T2472 24.94 52.36 23.4
T2476 24.86 52.32 23.7

Figure 5.2 shows samples T2472 and T2463 before testing. These samples look quite similar and homogeneous;
however, sample T2472 contains some shale and comes from a bioturbated formation while sample T2463 is a
cleaner sandstone. These differences in composition play an important role in their geomechanical behaviour since
they can affect the cohesion of the sample and their ŠweakŠ points to hold stress.

Figure 5.2: Norwegian samples T2472 (left) and T2463 (right).

5.2.2 Denmark

AS with the Norwegian samples, the following table (see Table 5.3) summarizes some of the most important
parameters about all of the samples coming from different wells in Denmark prior to the experiments such as their
lithology and environment of deposition.
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Table 5.3: Information received by Geological Survey of Denmark and Greenland (GEUS) about the samples related to the
Lisa structure.

Sample
name

Well name Lithology Depositional setting
Depth sample

[m]
1 Vedsted-1 Fine to medium sandstone Foreshore 1776.67
2 Vedsted-1 Medium sandstone Lower shoreface 1777.50
3 Flyvbjerg-1 Fine to medium sandstone Shoreface 1321.00
4 Flyvbjerg-1 Fine to medium sandstone Shoreface 1320.60
5 Flyvbjerg-1 Medium sandstone Shoreface (contain mudlaminae) 1320.50
6 Flyvbjerg-1 Medium to coarse sandstone Upper shoreface 1316.50
6 Flyvbjerg-1 Medium to coarse sandstone Upper shoreface 1316.50
7 Gassum-1 Medium sandstone Upper shoreface 1637.50
8 Gassum-1 Medium to coarse sandstone Upper shoreface 1634.60
9 Gassum-1 Medium sandstone Upper shoreface 1633.00
10 Gassum-1 Medium sandstone Shoreface 1536.20
11 Gassum-1 Medium sandstone Shoreface 1534.50
12 Stenlille-6 Medium sandstone Fluvial 1582.70
13 Stenlille-6 Fine sandstone Fluvial-estuarine 1574.70
109 Thisted-3 Medium sandstone, silty Estuarine or possible Ćoodplain 1181.32
117 Thisted-3 Fine-medium sandstone Estuarine 1183.32
133 Thisted-3 Medium sandstone Estuarine or possible Ćoodplain 1187.58
137 Thisted-3 Mudstone Estuarine or possible Ćoodplain 1188.32
145 Thisted-3 Fine sandstone Fluvial 1210.82
201 Thisted-3 Fine sandstone, silty Estuarine 1227.28
221 Thisted-3 Fine to medium sandstone Estuarine 1232.28

Table 5.4 shows the parameters of the samples that were tested in the laboratory. Some of the samples received by
GEUS were not suitable for testing because of their condition or their dimensions. From sample 109 to 221, the
length was too short to do either unconĄned or conĄned compression experiments. Samples 2, 5, and 6 were not
well preserved or too fragile to test (very loose grains).

Table 5.4: Parameters of the samples selected for testing.

Sample
name

Diameter [mm]
Original length

[mm]
Length

for test [mm]
Mass [g] Density [g/cm3]

Porosity
[%]

1 24.70 74.30 50.28 46.38 2.744 29.7
3 24.70 49.60 49.60 46.22 2.848 33.0
4 24.70 43.40 43.40 40.58 2.841 31.4
7 24.70 64.28 50.05 42.43 2.664 33.9
8 24.50 66.00 49.98 41.61 2.703 34.8
9 24.65 75.55 48.60 42.06 2.687 34.4
10 24.75 55.20 49.51 45.83 2.717 29.7
11 24.75 56.10 50.09 45.59 2.739 31.3
12 24.65 68.35 48.99 45.60 2.756 29.5
13 24.75 63.65 49.47 47.43 2.714 26.7

To locate the origin of these samples, Figure 5.3 shows the location of the wells relative to the position of the Lisa
structure. By the use of the software Petrel and the information received from GEUS, a correlation was made in
which it was possible to see the depth and thickness changes over the distance between the wells (see Figures in
Appendix A). Several logging tools were used in order to improve the accuracy of the correlation, i.e. Gamma
rays (GR), Density, Neutron Porosity among others. Low GR readings indicates lithologies with low content of
radioactive sources (Nazeer et al. (2016)) such as clay minerals. Thus, the lower the GR the cleaner the sandstone
is.
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Figure 5.3: Offshore and onshore wells within Denmark where the samples were obtained from, and the location of the Lisa
structure (modiĄed from GEUS).

Figure 5.4 shows some of the Danish samples before testing (See Appendix G for more pictures of the rest of
the Danish samples). These samples show heterogeneities within their lithology. The features on these samples,
such as lamination or content in clay clumps, could affect the way the sample accommodates the compaction and
deformation, as mentioned with the Norwegian samples, since the materials differ in composition.

Figure 5.4: Three of the samples received from GEUS: Sample 1 (left), Sample 3 (center) and Sample 13 (right).

5.2.3 Germany

The block of rock received from the quarry in Germany (Konrad Müller GmbH Natursteinwerk) originates from
the Red Felser sandstone which is part of the Upper Rotliegend Group. As previously mentioned, this formation
is the outcropping analog to the targeted formations in the Netherlands region due to its similar characteristics
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in age and properties. From the block, several samples were cored and cut to the desired dimensions. Table 5.5
displays the preliminary data from all the samples that were used for testing.

Table 5.5: Information about the samples cored from the blocks coming from Germany.

Sample
name

Diameter
[mm]

Length
for test [mm]

Mass [g] Density [g/cm3]
Porosity

[%]
PB2 29.63 71.84 106.43 2.663 19.6
PB3 29.68 69.95 103.05 2.664 20.1
PB4 29.55 70.11 102.97 2.655 19.5
PB5 29.65 70.28 104.38 2.663 21.1
PB6 29.68 69.20 102.50 2.653 19.5
PB7 29.68 14.67 21.43 2.641 16.4
PB8 29.60 12.17 17.84 2.703 20.4
PB9 29.68 14.05 20.50 2.642 20.2
PB10 29.68 14.40 20.52 2.624 19.4
PB15 29.75 69.85 103.34 2.629 19.2
PB16 29.75 69.85 103.41 2.629 19.1
PB18 29.78 69.85 103.48 2.637 19.5
PB19 29.78 69.85 103.40 2.626 19.3
PB20 29.76 69.85 103.73 2.633 18.9
PB21 29.75 69.89 103.78 2.628 18.9

Figure 5.5 shows an example of the Red Felser sandstone cored from the received block. The color of these samples
indicates their continental origin since these sediments were deposited in Ćuvial environments and the oxidation of
the iron minerals stained the sediments (He et al. 2022).

Figure 5.5: Example of one of the Red Felser samples from the German quarry.

5.2.4 Netherlands

From several onshore wells throughout the Netherlands, acoustic data were gathered and published at the Dutch
Oil and Gas portal (Nederlandse Olie- en Gasportaal - NLOG), then reported by TNO (Hunfeld et al. 2021).
These data comprise information from several formations including the Upper Rotliegend Group. Figure 5.6 shows
the locations of these wells where the majority are gathered in the South West of the Netherlands which also
corresponds to the West Netherlands Basin. This basin comprises a high density of oil and gas produced during
the 1950s which are now targets for geothermal energy (Willems et al. 2020).
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Figure 5.6: Location of wells in the Netherlands from which acoustic data were obtained from the public geomechanical data
on nlog.nl.
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5.3 Laboratory experiments

Once the samples were prepared, the tests were performed. In this section, the methodology of the different tests
carried out with the samples is explained. The explanation of the test setups will be organized by increasing
complexity of the test setup.
To analyze the data, several Python scripts were speciĄcally written for this thesis.

5.3.1 Brazilian disc test

The Brazilian disc test (BD) was carried out to study the tensile strength of a rock which is an important factor
to determine the Mode I or extensional fractures. However, this strength is an indirect result obtained from this
type of test. Figure 5.7 shows the test setup used to carry out the BD test. The sample is compressed in the axial
direction without any conĄnement.

Figure 5.7: Experimental setup to test the tensile strength of a rock sample.

In order to calculate the tensile strength is necessary to have the maximum load, the diameter and the length
(Equation 5.1 obtained from Brown (2015)).

σt =
2 · P

π · D · t
= 0.636 ·

P

D · t
(5.1)

Where, σt is the tensile strength of the sample in MPa, P the recorded load in kN, D, the diameter of the sample
and t the width of it in mm.

5.3.2 Unconfined Compressive Strength tests

The UnconĄned Compressive Strength (UCS) test allows to measure the strength of the sample and its axial
stiffness without a Pc in the horizontal (σH = σh = 0). The difference between the BD and UCS tests is the type
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of fractures developed from the axial compression. For the UCS experiments, the length of the sample and the side
from where the sample is compressed creates Mode III or shear fractures in the sample.
Figure 5.8 shows the setup used for this type of test. The sample is Ąxed on the top and bottom by metal plates
which are the source of compression. The chain sensor around the samples measures the radial strain and the
Linear Variable Differential Transformer (LVDT) sensors measure the axial strain.

Figure 5.8: Experimental setup to test UCS in rock samples. Indicated are the LVDTs at opposite sides of the sample and
the chain wrapped circumferentially around the sample.

From the data collected, a function was Ątted via linear regression for each test in order to obtain the elastic
modulus (or YoungŠs modulus) which describes the stiffness of the sample. From the collected data, the yield point
was also obtained, giving the transition from the elastic to the inelastic region of the stress-strain curve. These
parameters will become important factors for predictions about the behavior of the reservoirs formed by these
samples in order to avoid risks during injection activities.
In addition, the UCS test allows to measure the PoissonŠs ratio (PR) of the sample since the chain surrounding
it measures the lateral deformation (ϵtrans) and the LVDTs measure the vertical displacement (ϵaxial). Inserting
these measurements in Equation 5.2 calculates the static PoissonŠs ratio. This parameter is unit-less.

νs = −

dεtrans

dεaxial

(5.2)

5.3.3 Triaxial Compression tests

Triaxial Compression tests give information about the strength of a rock when the horizontal stresses are greater
than 0 as well as its stiffness. As with the UCS test, the samples dimensions have a length double that the diameter.
In these tests, the axial stress (σV ) is always greater than the horizontal (radial) stresses (σH and σh) which in
these experiments are equal (σV > σH = σh).
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In addition to determining the strength and Yield Point, performing this test on a sample also allows to measure
the stiffness of the sample through the stress and strain obtained by the force and the LVDTs, respectively. The
LVDTs are placed, in this case, on the metallic plate as can be seen in Figure 5.9, contrary to what the UCS setup
shows. Moreover, with this triaxial setup, the acoustic data can be measured through the active-source acoustic
sensors placed inside the pistons called transducers (red and black squares in the schematic view).

Figure 5.9: Experimental setup to test triaxial compression of rock samples. Indicated are the LVDTs at opposite sides of
the plate to measure an averaged axial deformation, the hoek cell inside which the sample is located, and the pistons where
the active-source acoustic sensors are located.

The preparation of the Hoek cell depended on the size of the sample at the beginning of the experiment. Some
samples were approximately 30 mm in diameter and 70 mm in length while others were 25 mm and 50 mm,
respectively. This change in dimensions required a different size of pistons and an extra covering between the oil
protective sleeve and the sample to Ąll the gap. Once the sample was placed on the center of the sleeve, the pistons
were inserted and a small amount of oil was pumped with the ŠIsco PompŠ to increase the Pc inside (≈0.5 MPa)
and hold the pistons in place. Then the cell was positioned in the center of the bottom and top plates (important
for equal distribution of the stress to the sample) and locked by applying some force by elevating the bottom plate.
The triaxial experiments carried out comprised 5 cycles with a linear stress increase and decrease at the same rate.
Each cycle was loaded with a different Pc from 10 to 50 MPa, with an increment of 10 MPa for each cycle. Between
cycles, an unloading part was recorded until the axial stress was about 5 MPa higher than the Pc of the next cycle.
For all of the samples, the plastic region was reached in every cycle which is an important piece of information
because the sample would irreversibly deform during each cycle. In addition, for only the German samples, the last
cycle was loaded until the sample reached failure. These tests were speciĄcally performed to obtain the maximum
information about the geomechanical behavior of the samples under the different conĄning pressures. Reaching the
plastic deformation region allowed to study a possible real deformation that the rocks suffer during production or
injection operations.

Machine strain correction
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The strain measured in the triaxial tests is based on the LVDTs positioned on the plate which are also measuring
the deformation of the metal parts of the machine that are under stress. Using an aluminium sample for which
the elastic properties are known (Eal = 70 GPa), the same test was performed excluding the plastic zones of each
cycle.
From the measured data, the strain of the aluminium was obtained by solving Equation 5.3, where E is the YoungŠs
modulus (MPa), σ the axial stress (MPa) and ε the strain. Then, the strain of the machine was calculated assuming
Equation 5.4 holds.

εaluminium =
σ

Ealuminium

(5.3)

εtotal = εmach + εaluminium (5.4)

From this difference in strains, a linear regression was Ątted to the strain of the machine for each cycle, yielding
the YoungŠs Modulus and applying it to Equation 5.5 to compute for the strain of each sample:

εsample = εtotal −

σ

Emach

(5.5)

It is important to mention that the results shown in Sections 6 and 7 are shown after implementing this correction.

5.3.4 Active-source acoustics

Active-source acoustics measurements refer to the propagation of a wave through a sample. These measurements
were done while the triaxial experiment was running. To create this wave, a wave generator and ampliĄer are
necessary to transmit the wave through a transducer (inside the top piston of the triaxial setup). The acoustic
signal passes through the top piston, then the sample and through the bottom piston until it arrives to the receiver
transducer (inside the bottom piston). The information collected by this sensor is then sent to the oscilloscope to
visualize the wave. To this oscilloscope, a computer is connected recording the data. Each wave was sent every 10
seconds through the sample creating Acoustic traces. From Figure 5.9 we know where the transducers are located
and Figure 5.10 shows the equipment used for the active acoustic measurements.
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Figure 5.10: Right: the triaxial setup where the transducers are located. The top transducer is connected to the ampliĄer (top
green arrow) which is directly connected to the wave generator (top red arrow), while the bottom transducer (bottom green
arrow) is connected to the oscilloscope visualizing the wave (bottom red arrow). Left: the wave generator in the top where
the wave parameters are set, and the oscilloscope in the bottom where the wave can be analyzed.

The parameters set for the wave are the same for all experiments (see Table 5.6)

Table 5.6: Parameters of the generated wave.

Wave generator
Frequency 1 MHz
Amplitude 800 mV
Cycle set N
Cycle 0
Burst time 5 µs

Oscilloscope
Sampling 125 kW
ACQ (acquisition) Average - 256
Time division 100 µs/div

Computer
Timestep 10

It is important to mention that the transducers send a shear wave (or S wave) through the sample. This is done
in order to obtain both P and S waves since there is always a compressive force when sending a wave through the
sample. If the P wave transducers were used, only the P wave would be clear but the S wave would be very difficult
to distinguish.
The reason to measure these acoustics waves is to improve the understanding of the dynamic behavior while
conducting the tests. The grains that compose each sample are different in shape and size and the cement that
uniĄes them Ąlls the spaces in a unique way. These factors impact the transmission of the wave passing through
the sample. If the internal structure of the sample is changed when being axially compressed, the wave changes its
path and velocity translating into modiĄcations on their dynamic behavior.
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The dynamic elastic modulus (Ed) depends on the density of the sample (ρ) in kg/m3 and the measured velocities
(Vp and Vs in m/s) as shown in Equation 5.6 obtained from Mavko et al. (1998).

Ed =
ρV 2

S

(

3V 2

P
− 4V 2

S

)

V 2

P
− V 2

S

(5.6)

The density of each sample was assumed constant for the whole experiment.
The P and S velocities were calculated with the use of RadEx Pro software. This software allowed to visualize
all of the Acoustic Traces of each loading cycle next to each other as shown in Figure 5.11. This view shows the
peaks and troughs of the recorded amplitude which were used to pick the arrival times of both waves. Some of
the amplitudes lost resolution when importing the SEG-Y Ąle to the software and the act of selection became
complicated as shown in the Ąrst traces of the P arrival time.

Figure 5.11: Example of a RadEx view of each trace amplitude recorded during a cycle versus time. Each trace is differentiated
with an identiĄcation number or FFID (numbers in x-axis). This display of traces allows to pick the time arrival of the
compressional and shear waves more easily, differentiating the change of amplitudes faster.

Complementing this display is the single trace view of a sample using a Python script (see Figure 5.12). With this
display, it was easier to zoom in to the desired section (red rectangle) of the wave and precisely pick the arrival
time of both waves, and then extrapolate it to the RadEx view.
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Figure 5.12: Example of a single trace where P and S arrival times are indicated. The S selection corresponds to the start
of the largest amplitude since the transducers measure a shear wave.

As for the mechanical data, the acoustic data needs of a correction. As the transducers are inside the pistons and
not in direct contact with the sample, the wave Ąrst travels from the top transducer through one piston, then the
sample, and again through the second piston until it arrives to the bottom transducer. Therefore, the measurement
received is not just from the sample and needs to be corrected. To do this, a measurement is taken only with the
pistons without a sample in between. Figure 5.13 shows the different arrival times with and without the sample in
between the pistons.
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Figure 5.13: Example of an acoustic wave without sample in between the pistons (top image) and an acoustic wave with the
sample (bottom image)

For Figure 5.13 different arrival times for the P and S waves are displayed. To correct these arrival times and
obtain the corrected acoustic wave of the sample, the subtractions of the P and S waves mus be done.

Once the P and S arrival times were picked, the next step was to calculate the deformation of the sample using the
strain measured during the mechanical tests, both the corrected and the total strain.
Through the velocities, it was also possible to calculate the PoissonŠs ratio (ν) using Equation 5.7 (Mavko et al.
(1998)):

νd =
V 2

P
− 2V 2

S

2 (V 2

P
− V 2

S
)

(5.7)
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5.4 Samples information for tests

To summarize, Table 5.7 shows the tests carried out to each sample received from the different countries.

Table 5.7: Test performed per sample. NA = Not Applicable

Sample
name

Type of test Confining Pressure (MPa)
Active-source acoustics

measurements?
Micro CT image?

T2461 CID (by NGI) 5-10-15 Yes No
T2463 CID (by NGI) 5-10-15 Yes No
T2464 CID (by NGI) 5-10-15 Yes No
T2466 CID (by NGI) 5-10-15 Yes No
T2467 CID (by NGI) 5-10-15 Yes No
T2469 CID (by NGI) 5-10-15 Yes No
T2470 CID (by NGI) 5-10-15 Yes No
T2472 CID (by NGI) 5-10-15 Yes No
T2476 CID (by NGI) 5-10-15 Yes No

1 Triaxial 10-20-30-40-50 Yes Yes
2 - - - -
3 - - - Yes
4 - - - -
5 - - - -
6 - - - -
6 - - - -
7 - - - -
8 Triaxial 10-20-30-40-50 Fail Yes
9 Triaxial 10-20-30-40-50 Fail No
10 Triaxial 10-20-30-40-50 Yes No
11 Triaxial 10-20-30-40-50 Yes No
12 Triaxial 10-20-30-40-50 Fail Yes
13 Triaxial 10-20-30-40-50 Yes Yes
109 - - - -
117 - - - Yes
133 - - - -
137 - - - Yes
145 - - - -
201 - - - Yes
221 - - - Yes
PB2 UCS NA No No
PB3 UCS NA No No
PB4 Triaxial 10-20-30-40-50 Fail No
PB5 Triaxial 10-20-30-40-50 Fail No
PB6 Triaxial 10-20-30-40-50 Fail No
PB7 BD NA No No
PB8 BD NA No No
PB9 BD NA No No
PB10 BD NA No No
PB15 UCS NA No No
PB16 UCS NA No No
PB18 UCS NA No No
PB19 Triaxial 10-20-30-40-50 Yes No
PB20 Triaxial 10-20-30-40-50 Yes No
PB21 Triaxial 10-20-30-40-50 Yes No

31



6 Results

This section displays the results obtained from both mechanical and acoustic data. The mechanical data were
obtained from the UCS machines (both 50 kN and 500 kN). These data are considered as the static experimental
data. On the other hand, the measured acoustic data were obtained from the previously described active-source
acoustic equipment and are considered as the dynamic measurements.
All the results presented in this section include the corrections to the data explained in the methodology section.
In addition, as it was observed by the sample pictures in Section 5 and Appendix G, the samples from different
countries show many lithological dissimilarities. Some samples have a higher content in clay, the porosity ranges
are also different per country, or even color-wise they differ. These heterogeneities make challenging a comparison
between the different areas of study. To make this thesis visually easier, several plots are separated by country.

6.1 Mechanical data

6.1.1 Stress-strain cycles

A direct result obtained from the UCS machines are the Stress-Strain plots derived from the force applied to the
sample and the LVDTs measuring the displacement of the plate.

While the tests were running, the Stress-Strain plots mainly helped to observe the behavior of the sample and
to identify the deformation regimes (elastic or inelastic) of each sample in order to not have undesirable failure.
Figure 6.1 shows a variety of plots: A, B, and C correspond to the combination of all of the Triaxial tests carried
out on the samples, from which it is possible to observe the variability on the behavior of the samples per country;
and D, E, and F show the tests done on one sample from each region to differentiate the cycles.

Figure 6.1: Stress-strain plots. A, B, and C plots show the behavioral variability of the samples per region. D, E, and F
show an example of one sample in order to differentiate the cycles.
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For the Norwegian samples, three different Pc were applied to the samples, from 5 to 15 MPa and reaching failure
at each Pc. From plot A, the Pc shows a clear effect in the stress range reached by each sample. T2470, T2472,
and T2476 show more stiffness than the rest of the samples (fuchsia and cyan curves). This different behavior can
also be related to the provenance of the samples, since T2470, T2472, and T2476 come from the Cook Fm and the
rest from the Johansen Fm. Plot D shows three different curves corresponding to three different samples for which
the only difference resides in the Pc used in each sample. The blue curve corresponds to Pc = 5 MPa and the green
curve to Pc = 15 MPa.

For the Danish and German samples, Ąve cycles were performed during the triaxial tests (Figures E and F in 6.1).
Each cycle corresponds to a different Pc, starting from 10 MPa on the Ąrst cycle (blue line) and Ąnishing with a
Pc of 50 MPa for the last cycle (purple line). In plots B and C, the behavioral variability of the sandstones can be
observed for the Danish and German samples, respectively. In plot B, the Danish samples show a higher variability
on their constitutive behavior. This difference of stiffness is strongly correlated to their disparity in depositional
environments which played a big role in their porosity, cohesion and lithology (heterogeneities). On the other hand,
the variability within the German samples is not very high because all the samples cored from the block are almost
identical in their properties.

The six plots display the same ranges in their axes; here it is possible to observe that the deformation and the
compression hold by the different samples were very different. The strain that the Danish and German samples
reached at the end of the experiments was very similar however the stress reached in comparison indicates that
the physical properties of the samples were very different (porosity, cohesion or cementation, homogeneity, or grain
size). These properties are characterized by their depositional and burial history.

Finally, since the Norwegian samples were conĄned with low Pc, the best comparison could be done for the Pc of
10 MPa (orange line in plot D, Figure 6.1). This curve shows less deformation than the Danish sample in the Ąrst
cycle (blue line in plot E with an strain of 0.017) and similar strain to the Ąrst cycle of the German sample (blue
line in plot F with an strain of 0.008). The maximum stress reached by the Norwegian sample (ρ = 80 MPa) is
also higher quantitatively than the Danish one (ρ = 50 MPa). This points out again to the differences between the
samples from the different regions in terms of porosity and lithology.
In Appendix B, the rest of the stress-strain plots are displayed.

Figure 6.2: Example of the information obtained from a stress-strain plot for the German sample PB19. This is the cycle
corresponding to the Pc = 50 MPa where the sample reached failure.
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Furthermore, Figure 6.2 shows an example of all the information that can be obtained from a stress cycle. This
plot corresponds to the last cycle where failure was reached in sample PB19 (Pc = 50 MPa). Since the aim of the
thesis was to fully characterize each location based on the available samples, each cycle allowed the extraction of
its constitutive behavior, the yield strength, the maximum load and the maximum deformation.
In addition, from each cycle, the slope of the linear region was Ątted by a linear regression giving the stiffness of
the sample per cycle. Then, based on the inĆexion point obtained by looking at the deviation from the linear Ąt,
the Yield Point was also extracted.

6.1.2 Static Young’s modulus versus Confining Pressure

Figure 6.3 shows all of the Static YoungŠs modulus (SYM) versus Pc from the samples tested at TU Delft and NGI.

Figure 6.3: YoungŠs modulus versus ConĄning Pressure for all data received and measured.

In order to have a clearer view of each set of data from the samples, Figure 6.4 shows the YoungŠs modulus versus
Pc per country. The ranges of the axes are identical for ease of comparison.

Figure 6.4: YoungŠs modulus versus ConĄning Pressure, separated by country based on the different properties of the samples.
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For all of the tested samples presented in Figure 6.4, the static elastic modulus tends to increase with increasing Pc,
which could be explained by the internal rearrangement of the grains via closing voids. This is further addressed
in Section 7.
For the Norwegian samples, the laboratory experiments done by NGI used lower but increasing Pc for each sample
only reaching up to 15 MPa. However, the changes in the elastic modulus of the sample are clearly dependent on
the Pc.
For the Danish and German samples tested at TU Delft, the Pc range reached 50 MPa, giving an understanding
of how the samples behave under higher stresses. The Danish samples were only triaxially tested while for the
German samples, UCS was also included (Pc = 0 MPa in plot C from Figure 6.4). The samples tested for UCS are
plotted with the same colors of the triaxially tested samples based on the similarities of their porosity.
The main trend (see Figure 6.4) tends to signiĄcally increase for lower Pc, and from the Pc of 30 MPa onwards, it
starts to plateau which could indicate that the samples are reaching a stability in their internal structure (SYM is
becoming independent of the Pc).
In Plot B (Figure 6.4), the Danish sample 13 from well Stenlille-6 shows a decrease in the SYM at a Pc of 30
MPa. During the second cycle of this test, a small fracture developed compromising the rest of the experiment.
Nevertheless, the test was continued to check the behavior of the sample after failure was reached. After failure was
reached, the SYM began to increase again without any indication of the fracture propagating in the Stress-Strain
curves (see Figure B.3).

6.1.3 Depth versus Static Young’s modulus

Figure 6.5 displays the depth from where the samples were obtained versus the computed SYM. In this Ągure, for
the German and Danish samples, the representative result corresponds to a Pc of 10 MPa since the Norwegian
samples were tested at low Pc.

Figure 6.5: Depth versus static YoungŠs modulus. This plot includes the samples tested at TU Delft and NGI.

The German samples were extracted from a quarry, meaning that their depth was 0 m. This depth applies to the
samples tested for UCS. However, in Figure 6.5, the samples tested under triaxial conĄnement show a depth of
1170 m. Using the method of Douma et al. (2019) to predict fractures containment in the subsurface based on
outcrops, and assuming that σ3=1/3σv at the moment of failure, the depth can be extrapolated. Comparing this
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estimated depth to the measured depth of the Danish samples, and considering the stiffness difference between these
samples, the calculated depth for the German samples suits the increasing trend. However, taking into account the
heterogeneity of the samples, their different burial history, the test setup differences and the human error partaken
on the experiments, this trend could give inaccurate predictions.
Appendix C displays the depth versus YoungŠs modulus plots for the different Pc estimated with the method from
Douma et al. (2019) for the German samples.

6.1.4 Yield point versus Confining Pressure

From the Stress-Strain curves, an inĆection point called the yield point is determined. The yield point is a material
property that refers to the point at which a material starts to deform inelastically under stress (Abdewi 2017).
Figure 6.6 shows the change of the yield points of the tested samples with the different Pc.

Figure 6.6: Yield point versus ConĄning Pressure.

The linear trend of the yield point indicates that the internal change of the samples seems to be happening at a
later stage in each cycle with increasing Pc since all the deformation occurs in a smaller stress range (Li et al.
2023).
Figure 6.7 shows the Yield Point versus Pc per region, in order to see the effect on porosity, cohesion and lithology
characterizing the different samples coming from each formations. These plots show how the trend is consistently
linear increasing with the increasing Pc. The slope of the German samples is higher since these samples reached
higher stresses during the tests.
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Figure 6.7: Separated Yield Point versus Pc per country.

We can also observed that the slope of the Danish samples 13 doesnŠt stay linear but itŠs slope decreases on the
last three cycles where Pc was 30, 40 and 50 MPa. This could be a direct effect on the fracture developed on the
second cycle of the triaxial test.

6.1.5 Failure & Yield envelopes

From the maximum stresses before failure and the Yield Points obtained through the experiments, the Mohr-
Coulomb failure and yield envelopes were computed. The Mohr-Coulomb plot is a linear equation that describes
the relationship between the shear strength of a soil or rock and the normal stress acting on it (Labuz et al. 2012).
In other words, it deĄnes the maximum shear stress that a soil or rock can withstand before it fails under a given
normal stress. The cohesion of these samples was not an input parameter but a byproduct of the correlation made
between the different circles.
Figure 6.8 distinguishes both the failure and yield envelopes for the different samples depending on the type of
results obtained from the tests.
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Figure 6.8: Mohr-Coulomb failure envelope (left-hand plot) and yield envelope (right-hand plot).

The axes have the same ranges so the comparison between envelopes is convenient. These envelopes were calculated
as the mean of the failure or yield points, and Pc. Figure 6.9 shows an example of the obtained circles and envelope
based on the data of the stress-strain plots. For the failure envelope of the German samples, the UCS and the last
cycle (Pc = 50 MPa) deĄned the slope.

Figure 6.9: Example of Mohr-Coulomb circles for failure and yield envelopes calculated for the Danish sample 12 (left-hand
plot) and German sample PB6 (right-hand plot). Note: the range of the y-axis is not the same.

Appendix D displays the rest of the Mohr-Coulomb plots for the German and Danish samples.

6.1.6 Cohesion versus static Young’s modulus

From the Mohr-Coulomb circles, the Yield and Failure envelopes were obtained, and from these envelopes the
cohesion of the samples can be derived by the intersection of the envelopes with the y-axis. The cohesion is used
to measure the shear strength of a rock (RaĄei Renani et al. 2018).
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Figure 6.10: Static YoungŠs modulus versus Cohesion. Plot A corresponds to the cohesion derived from the Failure enveloped
while plot B correponds to the cohesion derived from the Yield envelope. For the triaxially tested samples, the result shown
is for a Pc = 10 MPa.

Figure 6.10 shows the SYM obtained from the stress-strain plots versus the cohesion derived from the Failure (plot
A) and Yield (plot B) envelopes. The trend shows an increase of both derived types of cohesion with increasing
SYM.

6.1.7 Cohesion versus porosity

The cohesion is also related to the porosity of the samples. The porosity of the samples was measured by the
helium pycnometer located at the Rock Mechanics laboratory. Figure 6.11 shows cohesion versus porosity for the
cohesion derived from the Failure envelope (plot A) and the Yield envelope (plot B). The trends in this Ągure show
a decrease of cohesion with increasing porosity.
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Figure 6.11: Cohesion versus Porosity.Plot A corresponds to the cohesion derived from the Failure enveloped while plot B
correponds to the cohesion derived from the Yield envelope. For the triaxially tested samples, the result shown is for a Pc =
10 MPa.

From Figure 6.10, the SYM increases with increasing cohesion, while from Figure 6.11 the trend in decreasing. This
gives and insight about an indirect correlation of the effect of the porosity on the SYM; the higher the porosity,
the lower the SYM becomes.
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6.1.8 Static Young’s modulus versus Porosity & Depth versus Porosity

Figure 6.12: Change of porosity with depth (plot A) and with the static elastic modulus (plot B). The trends show a decrease
of porosity with depth and with increasing static elastic modulus.

In order to understand the correlation between the porosity and the SYM, Figure 6.12 illustrates the variation of
porosity with depth and with the static elastic modulus.
The porosity decreases with increasing depth (plot A) and, as predicted from the cohesion plots (Figure 6.11),
the Static YoungŠs modulus increases with decreasing porosity (plot B). As observed in subsection 6.1.2, during
the triaxial tests, the SYM increased with higher Pc. This could also be correlated to the increase of the elastic
modulus in the subsurface due to an increase in the overburden and Pc. So, the relationship between depth and
SYM is positively increasing due to a modiĄcation of the internal properties of the sample related to the changes
of pressure.
In plot A, the German samples are not following the trend. The properties of this samples based on their geological
history, differ signiĄcantly from the Danish and Norwegian samples. The German samples show very low porosity
and high cohesion even though they are outcropping. Therefore, in Section 7.3 the German samples will be
compared to the analog reservoir in the coast of the Netherlands.

6.2 Acoustic measurements

Refer to Table 5.7 , to check the listed samples with active-source acoustic data measured.
The acoustic data measured during the tests were recorded as binary data. In order to use it, a middle step was
necessary to convert the data to ASCII or SEG-Y which could be read by the RadEx Pro Software. This step was
done through a python script which converted the binary data to SEG-Y to import it directly into RadEx Pro.
As with the mechanical data, the Acoustic measurements are dependent on some parameters of the sample. For
the Acoustic data, the porosity and the Ćuids Ąlling these voids inĆuence greatly the paths of the waves passing
through the samples.
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6.2.1 P and S waves velocity

From the picked time arrivals in RadEx Pro as shown in Figure 5.11, and the calculated deformation through the
triaxial tests based on the strain, the velocities of the P and S waves were obtained.
Figure 6.13 shows an example of the P and S waves velocities versus the Acoustic traces for each cycle of the
triaxial test done to the Danish sample 1 (plot A) and German sample PB20 (plot B). As mentioned in Section
5.3.4, these Acoustic traces were recorded every 10 seconds passing through the samples. The mechanical data was
then adapted to Ąt the recorded Acoustic traces.

Figure 6.13: Wave velocity and axial stress versus the Acoustic traces measured every 10 seconds during the triaxial experi-
ments. Magenta vertical lines represent the Yield Point of each cycle.

In Figure 6.13, the stress cycles (blue data points) from the triaxial tests show the constitutive behavior of the
samples under different Pc versus the Acoustic traces. The magenta vertical lines depict the Yield Point reached
in each triaxial cycle. The P and S waves velocities from the recorded traces in each individual cycle correspond
to the green and red data points, respectively. Both waves velocities showed a small increase at the beginning of
each cycles. After the Yield Point was surpassed, the waves velocities decrease or plateau. For the German sample
example, when failure is reached at the end of the last cycle, the velocities decrease signiĄcantly.
It is important to consider that the picking times of the P and S waves contain uncertainties related to the low
resolution of the image, thus the velocities are not perfectly smooth in their transitions. These errors also affect other
results calculated using the velocities such as the Dynamic YoungŠs modulus (DYM) and the Dynamic PoissonŠs
ratio (DPR) (Siggins (1993)).
Appendix E displays all of the plots depicting the Mechanical data and P and S waves velocities versus Acoustic
traces.
In order to do a more visual comparison of only the velocities with the presented data, Figure 6.14 shows the change
of the P and S waves velocities (Vp and Vs, respectively) against the Pc. The mean of the velocities per cycle was
used for these plots in order to have a clear understanding of their change with varying Pc.

Figure 6.14: Mean wave velocities versus ConĄning Pressure.
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For Plot C, depicting the German samples, the general trend (Trend 1) for P and S waves is linear and independent
of Pc on all the samples, with the Vp ranging between 3500 and 4000 m/s and the Vs from 2200 to 2500 m/s for
all Pc. Assuming the porosity in the German samples is not varying signiĄcantly with Pc, the paths taken by the
compressional and shear waves are relatively constant.
For the Norwegian samples in plot A, the Vp ranges between 3300 and 4000 m/s (similar to the German samples)
and the Vs between 1500 and 2500 m/s. The trend shows a positive dependency of the Pc which allows us to
assume that the porosity of the sample is being affected by the mechanical compression and therefore the waves
pats are also being modiĄed which directly changes their velocities.
In plot B, the majority of Danish samples show a Vp of 3000 to 3500 m/s and a Vs of 2200 to 2500 m/s (similar
to the German samples). These samples show a general trend (Trend 2) where the Vs is dependent of Pc when itŠs
lower than 30 MPa. As with the Norwegian samples, this could be an indication of their lower cohesion and the
restructuring of the grains with compression. Moreover, with higher Pc, this internal changes are less signiĄcant
and therefore the velocities become independent of the compression. In addition, Danish sample 13 shows higher
Vp (about 3700 m/s) and Vs (2900 to 3100 m/s) than the rest of the Danish samples.
Asef et al. (2013) obtained similar trends of wave velocity versus conĄning pressure through laboratory experiments
carried out in limestones. An initial exponential increase of the velocity at lower Pc than 15 MPa and a following
linear trend.

6.2.2 Wave velocity versus Porosity

As mention for Figure 6.14 the assumption about the effect of the porosity on the velocity of the acoustic waves
was made (Sayers et al. 2002). Figure 6.15 shows two trending circles made around the Vp and Vs data clouds
depicting a decreasing trend on the velocities as the porosity of the samples increases.

Figure 6.15: Vp and Vs versus Porosity. The range on the x-axis was increased to display a more clear trend of the data.
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The stress and geological history of these samples are very different and signiĄcant for the results on the Vp and
Vs. Based on this fact, the trends were not directly visible and therefore an ellipse shape was chosen to show a
trend instead of an arrow.

6.3 Dynamic versus Static Young’s modulus

Based on the wave velocities, the DYM was obtained by applying Equation 5.6 in Section 7.3. Figure 6.16 shows
the SYM and DYM obtained from the mechanical tests and acoustic measurements for the Danish samples (plot
A) and the German samples (plot B). These comparisons allow to understand the behavior of the samples as a
function of Pc using two different techniques to collect data.
For the Norwegian samples, their density was not provided which didnŠt allow the calculation of the DYM.

Figure 6.16: Comparison between Static and Dynamic YoungŠs modulus for the Danish (Plot A) and German (Plot B). DYM
= Dynamic YoungŠs modulus and SYM = Static YoungŠs modulus.

In plot A, the Danish samples showed a positive dependency of the Pc when lower than 30 MPa for the SYM.
This trend is also followed by the DYM for samples 10 and 11 from the Gassum-1 well. However, sample 1 from
the Vedsted-1 well and 13 from the Stenlille-6 well, show a decreasing trend of DYM with Pc. For sample 1, this
decrease is more pronounced at Pc lower than 30 MPa, and for higher Pc the DYM becomes independent of Pc. On
the other hand, for sample 13, the negative trend is constant which indicates a change on the internal structures of
the samples. Since sample 13 developed a fracture during the second cycle of the test, this decreasing trend is very
possibly related to the micro propagation of this fracture and the movement of the water Ąlling the pores through
it.
AS for the German samples (plot B), the trend showed a positive dependency of the DYM with Pc until a Pc of 30
MPa. At higher Pc, the slope of this trend decreases which indicates that the dependency of the DYM on the Pc

is also decreasing.
The difference in the magnitude between the static and the dynamic results are expected since the data was obtained
with different methods. In addition, this can also be related to the uncertainties gathered through the experiments
and the heterogeneity on each of the samples.

6.4 Dynamic and Static Poisson’s ratio

Figure 6.17 shows the Static and Dynamic PoissonŠs ratio based on the UCS data and active-source acoustics
measurements recorded at TU Delft and the data collected by NGI. The Dynamic PoissonŠs ratio (DPR) was
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obtained through Equation 5.7 as described in Section 5.3.4 while the Static PoissonŠs Ratio (SPR) was calculated
through Equation 5.2 (refer to Section 5.3.2).

Figure 6.17: PoissonŠs ratio versus Pc (Plot A) and YoungŠs modulus versus PoissonŠs ratio (PlotB). YoungŠs modulus of
triaxial tests depicted for Pc = 10 MPa. Trends indicate a decrease of PoissonŠs ratio with increasing Pc and increasing
YoungŠs modulus.

As shown in Figure 6.17, using the same equation for all the acoustic data to calculate the DPR, the obtained
results gave some quite contrasting results. The SPR and DPR of the data obtained from the UCS tests, acoustic
measurements and the data from NGI falls within a similar range of 0.2 to 0.4. In addition, in plot A, the trend
follows a signiĄcant negative dependency with Pc lower than 20 MPa, while at higher Pc the trend is independent
of it.
On the other hand, the results of the Danish samples acquired by the same method give negative values. Especially,
Sample 13 shows a big range of PR and a steeper decreasing slope than the rest of the Danish samples.
The YoungŠs modulus versus PoissonŠs ratio (plot B) also shows a wide variety of results from which, at Ąrst, it is
difficult to discern a trend. However, if the focus is only on the German and Norwegian samples, it is possible to
extract a decreasing trend of the YoungŠs modulus with increasing PoissonŠs ratio. This trend is also studied by
Zhang et al. 2005 in which the decreasing stiffness is related to the content of water saturating the sample which
increases the PoissonŠs ratio.

6.5 Micro CT imaging

During this thesis, nine samples from the Danish sector were scanned in the Micro CT scanner at TU Delft (refer
to table 5.7). The resolution obtained from this imaging reached the 0.032 mm per voxel, being able to process the
porosity of the samples. The results of this imaging can be observed in Figures 6.18, 6.19 and 6.20 by using the
VGStudio MAX software. This software allowed to change the appearance of the volume displayed to be able to
observe the internal structure of the sample and its heterogeneities.
The Ąrst top images of these three Ągures show a picture of the sample (under the name of the sample) and a
preview of how the sample looks from the Micro CT scan. This image on the right also shows the target area of
interest (light blue line) on the displayed samples. Based on the dimensions of the samples, this region of interest
covered more or less volume. For instance, samples with smaller lengths like Samples 201 and 221, have the majority
of their volume covered by this area, while longer samples (i.e., Sample 3) have an area of interest covering the
places with higher heterogeneities.
From the second bottom images, the connected empty spaces (effective porosity) is displayed under different
tolerances set on the software. The tolerance number does not give a lot of information by its own if it is not
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compared with higher or lower values of tolerance, thus, two different values are given to see the effect. The
tolerance range was assumed to be affected by the properties of the sample. More cohesive samples to the touch
needed higher values of tolerance in comparison to less cohesive samples. This can also be related to the porosity
since it has an negative dependency effect on the cohesion.

Figure 6.18: Micro CT imaging of Sample 3. The top image shows the picture of the sample together with a preview of the
image. The bottom picture shows the connectivity of the pores when the tolerance set on the software of is 1000 and 900.

From Figure 6.18 the lithological heterogeneity of Sample 3 is very clear where the claystone (dark brown) is being
surrounded by Ąne sandstone (light reddish-brown). From the Micro CT scan, this heterogeneity is also visible in
the internal part of the samples. The structures within the sample form some short of cross bedding where the
clay (white) doesnŠt have a speciĄc thickness throughout the sample. This sample has a calculated porosity of 33%
(from Helium Pycnometer measurements) and with a tolerance of 1000, it is visible that the connected porosity
(yellow color) follows the sandstone beds vertically and horizontally. When this tolerance is lowered to 900, the
connectivity decreases signiĄcantly, which could be an indication of clay distribution within the voids.
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Figure 6.19: Micro CT imaging of Sample 201. The top image shows the picture of the sample together with a preview of the
image. The bottom picture shows the connectivity of the pores when the tolerance set on the software of is 1500 and 1000.

Figure 6.19 shows Samples 201. This samples is comprised by Ąne-grained sandstone and silt. It is unclear if the
darker brown spots are only in the surface of the sample or if they correspond to the silty material since their
distribution is not clear in the Micro CT image. This sample was quite cohesive to the touch and the calculated
porosity was of 14.5%, which was reĆected in the high values of the tolerance needed to increase the connectivity
of the pores, as we can see in the bottom image. The yellow areas corresponding to the connected void space (dark
colors in the Micro CT image) have a limited vertical connectivity. In order to see a change on this connectivity, the
tolerance was decreased to 1000. For this tolerance, the vertical and horizontal connectivity decrease signiĄcantly.
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Figure 6.20: Micro CT imaging of Sample 221. The top image shows the picture of the sample together with a preview of
the image. The bottom picture shows the connectivity of the pores when the tolerance set on the software of is 1000 and 900.

Finally, a more homogeneous sample is presented in Figure 6.20. Sample 221 is composed by a Ąne- to medium-
grained sandstone from which bedding is visible with bare eye and more clearly in the Micro CT image. The high
porosity (34%) and the cohesion of this sample being ŠweakŠ to the touch, translated into a lower value of the
tolerance needed to observe a change on the connected porosity. This connected porosity follows the bedding of
the samples vertically and horizontally, as shown in the bottom image of Figure 6.20.

Appendix F displays the Micro CT images of Danish samples 1, 8, 12, 13, 117, and 137.
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7 Discussion

The results obtained from the laboratory experiments were compared to literature data found for different reservoirs
of the North Sea. Only geomechanical data obtained from reservoirs comprised of sandstones as the main lithology
were taken into account for a better comparison with the geomechanical data measured in the laboratory.
The literature data were obtained from the Nederlandse Aardolie Maatschappij (NAM), Nederlandse Olie- en
Gasportaal(NLOG), TNO, and various articles/reports: (Haug et al. (2018), B. Orlic et al. (2013), B. Orlic (2013),
Bogdan Orlic (2016), Schutte (2019), Shell (2014), Shell (2016), and Staples et al. (2007)).
For the plots shown in Section 6, the literature data are added to study if the trends are maintained or if drastic
changes are introduced.

7.1 Introduction of literature data

In this section of the discussion, a small description of each data point will be introduced to compare them with
the testes samples from this thesis.
Starting from Haug et al. (2018), the target location described in this article was the Pompeckj block situated in
North Germany. The reservoir from where data was extracted is formed by sandstones from the Upper Rotliegend
Group at a depth of 4800 m. Their caprock consists on shales, carbonates and evaporites comprising the Zechstein
Group. The geomechanical data from this paper could be potentially correlated to the German samples from this
thesis.

Two of the three papers authored by Dr. Orlic (B. Orlic et al. (2013) and Bogdan Orlic (2016)), also target the
Upper Rotliegend Group but in two different places of the Netherlands. First in B. Orlic et al. (2013) the depleted
gas Ąeld under study was not speciĄed, while in Bogdan Orlic (2016) the area of study was located in Zuid-Friesland.
Both reservoirs are at about 2 km depth with an average porosity of 20-25%, and their caprock is the Zechstein
Group. As with the article from Dr. Haug, the data from these papers could be compared directly to the German
samples tested in this thesis.
The third paper by B. Orlic (2013), includes the geomechanical properties of Ąve different Ąelds in different models
of the subsurface surrounding those Ąelds. Three of the Ąelds are located onshore and two offshore. The obtained
geomechanical data corresponds to all the formations conforming the subsurface of those Ąelds, but for this thesis,
only the main sandstone formations were taken into account. Since no conĄned pressure data was provided, the
comparison is restricted to plots regarding depth, porosity, and PoissonŠs ratio.

Schutte (2019) focused her MSc Thesis on the Cranberry Ąeld situated offshore in the Dutch Sector of the North
Sea. The target formation is also part of the Upper Rotliegend Group and the depth of the reservoir is at 2.5 km
with an average porosity of 10%. The caprock also corresponds to the Zechstein Group.
From Shell, two studies where carried out and described in the project reports Shell (2014) and Shell (2016). The
Ąrst report corresponds to the Peterhead CCS Project which studies several samples from the Captain Fm. at the
Goldeyene reservoir located in the northern part of the UK sector. Its caprock corresponds to the Rødby Fm. This
depleted gas reservoir is located at 2.5 k deep with an average porosity of 25%. These sandstones were deposited
from the effect of suspension after the collapse very dense turbidity currents (Allen et al. 2020).
On the second Shell report, the Endurance Structure on the UK sector is studied and the target formation is the
Bunter Fm. Its depth is of 1300 m and the porosity is of 29%. This formation was deposited in aeolian and Ćuvial
environments and shows interbedded playa margin silts and clays (Shell 2016).
Finally, from Staples et al. (2007) the target reservoir is located in the Shearwater Field in the U.K. Central North
Sea, and corresponds to the Fulmar Fm. for which the caprock is Hod Chalk Fm. These sandstones were deposited
in a shallow marine environment (Johnson et al. 1986).
In general, many cited papers/articles/reports studied the geomechanical behavior of different reservoirs in the
North Sea, however, no data was provided that could be included in this thesis.

7.2 Static Young’s modulus versus Confining Pressure

The data found in the literature are scattered points as shown in Figure 7.1. The different data points represent
sandstones from the main formations studied in this thesis and from other target reservoirs from the SHARP
project. The points cannot show a trend since they are singular measurements; however, their magnitudes fall in
the range of trends of the tested data by TU Delft and NGI. The majority of conĄning pressures found in literature
were lower than 20 MPa and some higher.
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Figure 7.1: YoungŠs modulus versus ConĄning Pressure for all data received, measured and found in literature (Haug et al.
2018; B. Orlic et al. 2013; Bogdan Orlic 2016; Schutte 2019; Shell 2014).

More geomechanical data would increase the quality of these trends and would help to create more precise predic-
tions about the subsurface for activities involving injection of CO2 to avoid the risks mentioned in the introduction
(Section 3).

7.3 Depth versus Static Young’s modulus

Figure 7.2 shows the data obtained from the laboratory experiments carried out at TU Delft and NGI and from
the literature review. This Ągure includes a wide range of chronological time periods and discrete depositional
environments for the different formations. It is important to understand that the mechanical behavior of the
samples is directly linked to the burial history and the tectonic deformations shaping the samples (Douma et
al. 2019) from the moment of their deposition of the sediment until the appearance they have in the present.
Nevertheless, a general increase of the elastic modulus with depth can be inferred.
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Figure 7.2: Depth versus static YoungŠs modulus. This plot includes the samples tested at TU Delft and NGI as well as the
data found in literature from reservoirs in the North Sea (Haug et al. 2018; B. Orlic et al. 2013; B. Orlic 2013; Bogdan Orlic
2016; Schutte 2019; Shell 2014; Shell 2016; Staples et al. 2007).

7.4 Static Young’s modulus versus Porosity & Depth versus Porosity

Figure 7.3 includes the porosity from the literature as well as the measurements from the samples obtained from
the NLOG (Aramis project). The plot to the left shows an overall decreasing trend of the porosity with depth.
For the YoungŠs modulus, the literature supports the trend followed by the laboratory tests being the decrease of
YoungŠs modulus with increasing porosity. This trend was also studied by Ramm (1992) for sandstones in different
reservoirs from the coast of Norway which were deposited during the Jurassic. The mechanical compaction that
these sediments experienced during their burial period led to a relocation and fracturing of the grains, decreasing
the original void space. The overburden increased the pressure and depending on the geological context, the
temperature, which induced chemical compaction, Ąlling the pores with cement and with plastically deformed
grains.

51



Figure 7.3: Porosity and elastic modulus change with depth. Data included from NAM and literature (Haug et al. 2018;
B. Orlic et al. 2013; B. Orlic 2013; Bogdan Orlic 2016; Schutte 2019; Shell 2014; Shell 2016; Staples et al. 2007).

7.5 Dynamic versus Static Young’s modulus

Acoustic data gathered from the wells located over the Netherlands (see Figure 5.6) by TNO include the dynamic
YoungŠs modulus of different formations as shown in Figure 7.4. From these formations, only the sandstone data
are used in comparison to the tested data (right Ągure).
Figure 7.5 shows the static and dynamic modulus of elasticity versus depth obtained from TNO, the literature,
NGI, and TU Delft. The main trend suggests an increase of the YoungŠs modulus with increasing depth (note:
depth increases downwards in the Ągure). This increase is related to the increasing conĄnement that the rocks are
experiencing which is correlated to Figure 7.1.
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Figure 7.4: Left: Dynamic YoungŠs modulus from different lithologies and formations. Right: Ąltered data showing only the
elastic modulus from the sandstone formations.

Figure 7.5: Static (SYM) and dynamic (DYM) YoungŠs modulus versus Depth. The SYM of the Danish and German samples
depicted have a Pc = 10 MPa.
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7.6 Dynamic and Static Poisson’s ratio

Figure 7.6 shows the data from the results section compared to the data found in the literature about the PoissonŠs
ratio. The data from the literature review falls into the same ranges of those in the German and Norwegian SPR
and DPR.

Figure 7.6: PoissonŠs ratio versus conĄning pressure (Plot A) and YoungŠs modulus versus PoissonŠs ratio (Plot B). Includes
data from the tested samples at TU Delft Laboratory, at NGI and from literature review (Haug et al. 2018; B. Orlic et al.
2013; Bogdan Orlic 2016; Schutte 2019; Shell 2014).

The use of compressional and shear waves velocities to calculate the DPR brought a characteristic problem which
it is visible in Figures 6.17 and 7.6 where the DPR magnitudes of the Danish samples are negative even though
that the same method as for the German samples was use to calculate it. Since this calculation is based on the
wave velocities, the negative values are also related to the velocities. The average Vp/Vs ratio for wet sandstones
ranges between 1.55 to 1.85 (Han et al. 1986). Taking into account that the waves measured from the tests done to
the Danish samples were not very clear; the time arrivals of the waves were manually picked; and the small Vp/Vs

ratio, any inaccurate picking could have caused the calculated negative values of DPR for the Danish samples.

7.7 Fulfillment of research question

The research question aimed to maximize the geomechanical information extracted from the collected samples
within the constraints of time and equipment availability. To address this question, a combination of laboratory
experiments and extensive literature review was conducted. These processes provided valuable insights into the
property modiĄcations of the samples when subjected to various testing methods. Sections 6 and 7 focused on
examining the elasticity variations using the mechanical techniques of unconĄned compression tests and triaxial
compression tests, as well as active-source acoustic methods using ultrasonic waves. These investigations yielded
diverse Ąndings regarding the geomechanical behavior of the samples under different conĄning pressures. By
comparing our results with literature Ąndings from sandstone reservoirs across the North Sea region, common trends
were identiĄed. These consistent trends suggest that the obtained results can be incorporated into a subsurface
model to make predictions about the geomechanical behavior of the studied reservoirs in Norway, Denmark, and
Germany/Netherlands. Moreover, reservoirs with similar geological history as the ones tested in this thesis in
different parts of the world, could beneĄt from these results if predictions about their geomechanical behavior are
to be done.
One notable example where these geomechanical knowledge can potentially help the reduction of induced seismicity
is in USA or Canada. Seismic events were triggered due to the injection of wastewater into the subsurface. By
incorporating direct studies on the geomechanical properties of the reservoirs, more accurate predictions can be
made regarding the available pore volume for Ćuid injection. This knowledge is crucial to prevent overpressure of
the reservoir, thus minimizing the risk of induced seismic events. By improving our understanding of the reservoirŠs
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geomechanical behavior, we can enhance the safety and effectiveness of CCS projects, ultimately beneĄting both
the environment and human lives (Verdon et al. 2016).
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8 Conclusions and Recommendations

In this study, the geomechanical properties of 27 samples coming from different reservoirs and outcrops of the
northern regions of Europe were obtained via the following laboratory experiments:

• Brazilian test.

• UnconĄned Compressive Strength.

• Triaxial compression.

• Active-source acoustics.

The main objective was to determine the geomechanical properties to better understand the limitations of different
formations and to reduce the risks linked to subsurface activities of CO2 injection for storage purposes.

8.1 Conclusions

The main conclusions taken out of the test results and gathered data are as follows:

• From the results, it can be observed that the stiffness of the sandstones increases with rising conĄning
pressure. This change increases signiĄcantly at lower conĄning pressures while at higher conĄnement, the
elasticity seems to plateau, or the increasing rate decreases.

• Upon non-critical fracture of a sample, the elasticity decreases (e.g. third Pc of sample 13 after a small Ąssure
occurred in the second cycle).

• The static and dynamic elastic modulus follow similar trends while their magnitude differs due to the different
methods used.

• The static and dynamic YoungŠs modulus show an increasing trend with depth.

• The porosity clearly affects the elasticity of the rock: the YoungŠs modulus increases with decreasing porosity.
The porosity shows an expected decrease with depth. With depth, the conĄning pressure and overburden
increase, and the elastic modulus tends to increase with higher conĄning pressures.

• The heterogeneities within the samples impact the elastic modulus of the samples. A clear indication of this
effect can be seen in Figures 6.1, 6.4, and 7.3 where the differences in the YoungŠs modulus are directly corre-
lated to the contrast between the sandstones forming the samples. Samples composed by cleaner sandstones
and a higher cohesion showed a high elastic modulus (German samples) while the more heterogeneous samples
showed lower elasticity. Thus, understanding the heterogeneity and its inĆuence on mechanical behavior is
important for accurate modeling and predicting the behavior of rock masses subjected to stress (Iakusheva
et al. 2022).

• The yield strength of the sample increases linearly with the increasing conĄning pressure.

• The P and S wave velocities show a change of trend when surpassing the yield point, generally plateauing
or decreasing. This could be a useful insight for potential predictions through sonic logging of the rock
deformation while injecting CO2.

• Static and Dynamic YoungŠs modulus are quantitatively different due to the different methods used to obtained
the data. This is shown in an increased magnitude of the dynamic elastic modulus compared to the static.

• The PoissonŠs ratio decreases with increasing conĄning pressure due to the compaction that the sample
experienced after each stress cycle. This also indicates that the samples become stiffer at higher conĄning
pressures.

• The methodology followed since receiving the samples until testing is essential in order to collect a more
comparable data. In this case, the sample dimensions set a main discrepancy. The samples obtained from
GEUS were too small for the hoek cell and certain alternatives were taken. A rubber sleeve between sample
and the sleeve holding the conĄning Ćuid was placed. This could have modiĄed the registration of some data
such as the active-acoustic measurements. Nevertheless, the data obtained from these samples was similar to
the Norwegian data which have alike dimensions.
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8.2 Recommendations for future work

The laboratory experiments carried out at TU Delft were planned to obtain as much geomechanical information
as possible from the sample for the given time and equipment. Based on the acquired experience, some recommen-
dations could improve similar future studies:

• To obtain the best comparable data, ensuring all the samples have the same dimensions to prepare the test
setups accordingly is an important insight taken from this thesis.

• To expand this knowledge, testing the samples as with the methods used in this thesis (saturated and dry)
while injecting CO2 could make an impact on the geomechanical behavior of the sample.

• The experiments reached the inelastic domain of the sample and, therefore, there was irreversible deformation
done to the sample. This deformation was carried to the following cycles which could also be detrimental for
the results. Following these experiments with fully elastic testing could give further insight about the change
of the stiffness with increasing conĄning pressure.

• Adding more data to these plots will decrease uncertainties toward prediction-making.

• The data obtained from these experiments could be added to models of the subsurface targeting the areas of
study.

• Acquiring the permeability of the samples also increase the knowledge about their properties and the Ćow
followed by the Ćuid to inject.
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