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Public introduction
Subsurface Evaluation of CCS and Unconventional Risks (SECURe) is gathering unbiased,
impartial scientific evidence for risk mitigation and monitoring for environmental protection to
underpin subsurface geoenergy development. The main outputs of SECURe comprise
recommendations for best practice for unconventional hydrocarbon production and geological CO2
storage. The project is funded from June 2018–May 2021.
The project is developing monitoring and mitigation strategies for the full geoenergy project
lifecycle; by assessing plausible hazards and monitoring associated environmental risks. This is
achieved through a program of experimental research and advanced technology development that
includes demonstration at commercial and research facilities to formulate best practice. We will
meet stakeholder needs; from the design of monitoring and mitigation strategies relevant to
operators and regulators, to developing communication strategies to provide a greater level of
understanding of the potential impacts.
The SECURe partnership comprises major research and commercial organisations from countries
that host shale gas and CCS industries at different stages of operation (from permitted to closed).
We are forming a durable international partnership with non-European groups; providing
international access to study sites, creating links between projects and increasing our collective
capability through exchange of scientific staff.

Executive report summary
This report covers a wide spectrum of risks that are relevant in the further deployment of CCS and
unconventional hydrocarbon production and what the implications could be. The work has been a
mixture of field work, modelling, and laboratory experiments conducted by several project partners.
From a general risk perspective, a bow-tie methodology was developed and applied to risks from
CCS and unconventional gas production. A semi-quantitative tool was outlined based on the
project bow-ties and a workshop was held to quantify and thereafter rank these risks.
Besides providing an extensive risk assessment framework, this deliverable reports on different
technical aspects of risk evaluation, which were in particular:


Well integrity lab experiments and field-scale modelling,



Fault analysis and fracture permeability studies, and



Fault reactivation potential calculations.

Leakage paths were investigated within the context of well integrity, where laboratory work was
performed on cement fracturing with a mini-wellbore simulator and on testing cement properties.
With the mini-wellbore simulator experiments, confining and pore pressures were varied, and
pressure cycling was run in the casing to examine the fractures developed in the cement and
resulting permeabilities. The properties tested in the second set of experiments were the cement
permeability of both intact and fractured cement and the strength of cement under various curing
conditions. A geomechanical analysis on well cement integrity was implemented in another study
of well integrity, where numerical geomechanical models were developed for a CO2 well and a
shale gas well and then simulated with varying operational parameters to investigate the formation
of shear cracks, microannuli, and caprock leakage. The simulation results were then incorporated
in a Bayesian belief network to perform sensitivity analyses on the varied parameters.
Work performed on fault and fracture permeability included laboratory measurements carried out
to determine flow through a fracture for several rock samples as well as an analysis of an outcrop
in the Mont Terri Rock Laboratory in Switzerland. This was followed by mapping several of its
fracture networks and calculating the stress-permeability relationships of these fracture networks.
A separate fault zone analysis looked into presence of relic brine in the Polish subsurface and
iii
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potential reservoir fluid exchange between the studied reservoirs/aquifers through geochemical
analysis and fault modelling. Lastly, a fast, analytical model and a coupled numerical model were
run to assess the potential of fault reactivation and seismicity near an injection well based on the
evolution of pressures, temperatures, and stresses near these faults.

iv
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1 Introduction
The heightened interest in broadening the applications of geoenergy projects has led to increased attention
on the implications these have for the subsurface. Throughout the SECURe project, there has been much
research into CO2 capture and storage [CCS] as well as utilization of unconventional hydrocarbon production,
covering fundamental questions surrounding the risks of these technologies and how to monitor and remediate
them.
This report covers a wide spectrum of risks that are relevant in the further deployment of these technologies
and what the implications could be. The work performed has been a mixture of field work, modelling, and
laboratory experiments. It is organized in three overarching categories, into which the work has been divided:
general risk framework, well integrity, and fault and fracture behaviour. The research was performed separately
by several institutions, thus the sections explained below may be read independently, though their findings
supplement and complement each other to provide a well-rounded perspective on approaches and conclusions
on the various risk topics.
The first section on the general risk framework (Section 2) explains a bow-tie methodology developed and
applied to the general risks from CCS and unconventional hydrocarbon production. A semi-quantitative tool is
outlined based on the bow-tie methodology and a workshop was conducted to quantify and thereafter rank
these risks.
The first topic in the category of well integrity (Section 3) is leakage path investigation (Section 3.1), which
details laboratory work done on cement fracturing with a mini-wellbore simulator and on testing cement
properties. With the mini-wellbore simulator experiments, confining and pore pressures were varied, and
pressure cycling was run in the casing to examine the fractures developed in the cement and resulting
permeabilities. The properties tested in the second set of experiments were cement permeabilities of both
intact and fractured cement and the strength of cement under various curing conditions. The other topic
covered within the realm of well integrity is a geomechanical analysis on well cement integrity (Section 3.2).
For this, numerical geomechanical models were developed for a CO2 well and a shale gas well and then
simulated with varying parameters, including cement properties, fracturing pressure (for the shale gas well),
and CO2 injection temperature (for the CO2 well), to investigate the formation of shear cracks, microannuli, and
caprock leakage. The simulation results were then incorporated in a Bayesian belief network to perform
sensitivity analyses on the varied parameters.
The next section relates to fault and fracture behaviour (Section 4). The first subsection deals with carrying out
laboratory measurements to determine flow through a single fracture for several rock samples, as well as
analysing an outcrop in the Mont Terri Rock Laboratory in Switzerland, mapping several of its fracture
networks, and calculating the stress-permeability relationships of these fracture networks (Section 4.1).
Following this is a fault zone analysis on four Polish sites (Section 4.2), which takes a look into presence of
relic brine in the subsurface and potential reservoir fluid exchange between the studied reservoirs/aquifers
through geochemical analysis and fault modelling. The last section explains the work done on fault dynamics
(Section 4.3), where both a fast, analytical model and a coupled numerical model were run to assess the
potential of fault reactivation and seismicity near an injection well based off of the evolution of pressures,
temperatures, and stresses near these faults.
Overall, this report presents a collection of various approaches and investigations on risks facing CCS and
unconventional hydrocarbon production, helping to understand and calculate the potential risks needed to
safely deploy these technologies.

1
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2 General Risk Framework
A risk assessment framework for the SECURe Project has been developed using the bow-tie analysis
technique. The bow-ties contextualise the scientific research carried out for the SECURe Project in terms of
technical risk and form the basis of a generic template for risk management of Unconventionals and Carbon
Storage. This generic template consists of nine hazard and top event combinations within the scope of the
SECURe Project, documenting the key threats for the risks of leakage and seismicity, and the barriers that
prevent these threats and mitigate consequences. This framework provides the interconnecting backbone to
which the research undertaken, and good practice guidelines and tools produced as part of the SECURe
Project provide the substance for risk mitigation and monitoring for environmental protection.
The risk assessment framework has been formally agreed by the SECURe WP2 partners, achieving Milestone
7 (M7) of the SECURe project (Risktec Solutions Limited, 2020b). The bow-tie analysis has synthesised the
output of the SECURe project into a generic risk assessment framework that will be further developed into a
semi-quantitative risk assessment tool, which could be applied to any site / project proposing to exploit
unconventional gas (shale gas) or develop geological storage of CO2.
The bow-tie risk assessment framework provided the basis for a semi-quantitative workshop. The findings of
this workshop are described in this report. These findings, along with the other findings from other tasks
described in this report, will subsequently be further processed in order to develop a semi-quantitative risk
assessment tool. This tool, being based on this risk management framework, will bring together the quantitative
research available from other tasks of WP2 in the context of the bow-tie threats, barriers and consequences.
This tool is intended to enable users to easily undertake an initial screening risk assessment for a particular
CO2 storage or unconventional gas location based on the good practice recommendations that are outputs of
the SECURe project.
2.1
2.1.1

METHODOLOGY
Bow-Tie Analysis

A bow-tie is a graphical risk analysis technique, allowing for a structured approach to identifying what causes
may result in an unwanted event and how this, in turn, could ultimately lead to adverse impacts. The bow-tie
diagram is made up of a number of key elements. The hazard and unwanted, top event are shown in the centre
(the knot) of the bow-tie diagram. Threats that could lead to the top event are presented on the left-hand side
and consequences are presented on the right-hand side. Accident / consequence causality, therefore, tends
to flow from left to right. The primary purpose of the bow-tie analysis is to identify and develop barriers that
interrupt that flow of causality. Degradation factors are elements of particular weakness in barriers, against
which further barriers may be identified. A schematic of the bow-tie approach is shown in Figure 1.
It is generally accepted that bow-ties were developed by Imperial Chemical Industries [ICI] in the 1970s,
however, the exact origin of the technique is unclear. Shell is an example of an organisation that has integrated
bow-tie analysis into the analysis of Major Accident Hazards during the development of safety cases for both
upstream and downstream facilities, and is widely acknowledged as being the first major company to do so
(Center for Chemical Process Safety, 2018). The Center for Chemical Process Safety (CCPS) have developed
a Concept Book for bow-ties and process safety (Center for Chemical Process Safety, 2018); CCPS Concept
Books ‘address newer techniques in process safety that have not yet become accepted standard practice or
where there is not yet industry consensus on the approach.’ The barrier concept is becoming more common
in regulatory regimes, and standards and guidance provided by regulators and standards organisations such
as the American Petroleum Institute (API), the UK Health and Safety Executive (HSE), International
Association of Drilling Contractors (IADC) and the Petroleum Safety Authority (PSA) in Norway (Center for
Chemical Process Safety, 2018). Bow-ties have been used extensively within Carbon Capture and Storage
[CCS] projects, for example, the Goldeneye, White Rose, Quest and Northern Lights projects have all used
bow-ties to aid in their understanding and demonstration of how project risks are being managed.

2
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Figure 1. Bow-tie logic.
2.1.2

SECURe Project Specific Bow-Tie Method

The general risk framework was derived following the workflow depicted in Figure 2. This shows how inputs
from the SECURe project partners as well as the literature review have contributed to the development of the
bow-ties and the derivation of general risk framework. Workshops were carried out to take an initial set of
drafted SECURe bow-ties and develop them into a final set for the risk assessment framework. The purpose
of each bow-tie workshop was to subject the draft bow-ties to review by experts in the scientific and engineering
fields within the SECURe project in order to capture their knowledge and experience. The SECURe bow-ties
are presented in full in the SECURe Bow-tie report (Risktec Solutions Limited, 2020a). The workshops have
been attended mainly by experts from WP2, but the bow-ties have also been developed through input from
members of other WPs across the wider SECURe project and the advisory board. Throughout this process
the bow-tie elements (threats, barriers, degradation factors and consequences) have been scrutinised to
ensure that they form a suitable, technically accurate basis for development of the risk framework.

3

Copyright © SECURe 2020

Figure 2. Development of Subtask 2.1.3 outputs shown in green, based on the inputs from the partners
in the SECURe project and wider literature shown in blue.
The barriers depicted by the SECURe bow-ties are either protective measures put in place to prevent threats
from releasing a hazard, or mitigation measures that limit the chain of consequences arising from a top event.
Each of the barriers are colour coded by barrier type and details of the colour coding definitions are detailed
in Table 40, Appendix 1. As shown in Figure 85, Appendix 1, the wording of the barrier is intended to be
potentially applicable to any site, thus leaving it open to an eventual user to determine the extent to which the
barrier is implemented (for a specific site), and assess the effectiveness of the implemented barrier (Risktec
Solutions Limited, 2020a). These generic barriers are constructed around two key elements; variable
parameters and supporting activities. The construction around variable parameters and supporting activities is
fundamental to the determination of barrier effectiveness and uncertainty when the generic bow-ties are
applied to a specific site using the semi-quantitative risk assessment tool. The eventual user will have the
ability to assign effectiveness and uncertainty levels to each barrier, based on the information available to them
at the time, by answering a series of fact-based questions that require very limited subjectivity in response.
The effectiveness and uncertainty ratings can, therefore, change as the project becomes more mature and the
information available to the user changes. At time of writing this report, the semi-quantitative tool has not been
fully developed. However, it is anticipated that as well as a report of risk ranking for particular leak paths, the
tool will output a basis for site specific bow-tie diagrams that show effectiveness and uncertainty for each
barrier.
2.1.3

Project Bow-Ties

In addition to the risk framework bow-ties, two SECURe project bow-ties were developed to provide insight
into interfaces between packages of work within the SECURe Project. These project bow-ties are an abridged
4
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version of the risk framework bow-ties. There is one project bow-tie for exploitation of unconventional gas
(shale gas) and one for geological carbon storage. The purpose of the project bow-ties is to determine the
input required from different SECURe project beneficiaries, for development of accurate effectiveness and
uncertainty descriptors (see Section 2.1.4) for barriers and also to demonstrate the contribution of the SECURe
project to the reduction of risk associated with unconventional gas exploitation and geological carbon storage.
In this context, risk mitigation is achieved by increasing the strength and effectiveness of barriers through
increasing knowledge and understanding; the resultant barriers thereby constitute barriers of scientific
evidence and understanding. The project bow-ties are presented in full in the Project Bow-tie report (Risktec
Solutions Limited, 2020c).
2.1.4

Site Specific Assessment of Barrier Effectiveness and Uncertainty

For each barrier on the bow-tie risk framework, effectiveness and uncertainty descriptors have been
developed. Effectiveness descriptors describe different levels of effectiveness for each barrier as may be
applicable to a specific site; these correspond to three discrete levels: good, fair, or poor level effectiveness.
They are based around the parameters that underpin the bow-tie barrier. Uncertainty descriptors are based
around the activities that underpin the bow-tie barriers; the extent to which they are implemented determines
the level of uncertainty. Again, there are three discrete levels of uncertainty: low, medium, or high. The
guidelines presented in the descriptors are based on the research outputs of the SECURe project and will be
aligned with good practice recommendations.
When a user of the semi-quantitative tool selects the most applicable barrier effectiveness descriptor to their
specific site, this selected barrier effectiveness reflects the user’s current understanding of how good the
barrier is.
The uncertainty of a barrier reflects the user’s current confidence in the barrier effectiveness, based on the
information and documentation they have available at the time of making the judgement. The level of
uncertainty is determined by the quality and completeness of the activities underpinning the barrier.
Figure 86, Appendix 1, shows how the variable parameters and supporting activities are fundamental to the
determination of barrier effectiveness and uncertainty when the generic SECURe bow-ties are applied to a
specific site. This provides the basis for site specific risk mitigation and improvements plans based on an initial
screening of threats, receptors and existing risk mitigation measures. This process allows the research and
good practice recommendations from the SECURe project to be applied to real, specific Carbon Storage and
Unconventional Gas sites / projects.
The outputs from application of the semi-quantitative tool to a specific site would therefore be:




A set of draft site-specific bow-ties with effectiveness and uncertainty ranked for each barrier, which
could then be assessed further in a site/project-specific bow-tie workshop(s);
As set of actions for reducing risk and uncertainty;
An estimation of risk in terms of likelihood of consequences at different timescales, which can be used
for comparison with other sites as part of regional screening exercises, and / or prioritisation of actions
for reducing risk and uncertainty.

The basis for the first two bullet points above is described in this section and the preceding sections. The
following Sections 2.1.5 and 2.1.6 describe the basis for the final bullet.
2.1.5

Semi-Quantitative Workshop

The previous sections describe the development of a tool which would allow a qualitative risk comparison
between two different Carbon Storage or Unconventional Gas sites / projects (in terms of site-specific bowties and effectiveness and uncertainty of barriers). A semi-quantitative workshop was held online (using MS
Teams) on 7th October 2020 to risk rank elements from the bow-tie risk framework, in order to derive the basis
for the semi-quantitative aspects of the risk assessment tool and enable the ranking of different risk factors in
terms of their relative significance and importance. This workshop also provides the basis for the general risk
framework described in Section 2.2.
Many of the elements and risk factors associated with the fields of interest represented by the SECURe project
do not have a wealth of historical data available to draw upon. Furthermore, the geological aspects of Carbon
Storage and Unconventional Gas exploitation do not easily conform to traditional models of component failure
and the failure modes present resist classification into categories that can easily be represented by historical
data. Hence, some degree of expert judgement is required to achieve an estimation of semi-quantitative risk.
5
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The purpose of the semi-quantitative workshop was to support the ranking of the risks described by the
SECURe bow-ties. This was achieved by a process of semi-quantitative risk ranking of the leak paths which
are most relevant to the SECURe project and likely to represent the highest risks in Geological Storage of CO2
and Unconventional Gas projects. These leak paths were presented in terms of bow-tie threats and top events,
and associated barriers. The right-hand side of the bow-tie was then assessed by consideration of the potential
risk reduction effect of selected barriers in mitigating risk of a top event.
The risk ranking constituted the following parameters:





Severity of release;
Duration of release;
Likelihood of release;
Timescale of release.

Table 41, Appendix 1, presents the severity and duration matrix used to assess the magnitude of release
through each leak path. Table 42, Appendix 1, presents the likelihood band definitions, which were applied to
different timescales in order to assess the likelihood of each of the selected leak paths.
The risk of leak paths and barriers were initially ranked with all applicable barriers set to a ‘poor’ level of
effectiveness. The attendees of the workshop were asked to use their understanding of real sites and situations
to relate to the effectiveness descriptions provided in order to establish a worst-case credible risk. This process
was then repeated as sensitivity studies by varying the effectiveness of individual barriers as illustrated in
Figure 3.

Figure 3. Semi-quantitative workshop sensitivity study.
The left-hand side of the seismicity bow-ties was simplified and reviewed during the semi-quantitative
workshop. The likelihood of the occurrence of significant seismic events was ranked across four timescales,
again starting with all barriers set to ‘poor’ effectiveness, but then risk ranking sensitivities as individual barriers
are set to ‘good’ effectiveness.
The output of the workshop has provided further input into the determination of the relative importance of key
variables. Importance, in this case relates to the significance of different leak paths in terms of potential
magnitude and likelihood over different timescales, as well as the importance of individual barriers in terms of
their potential to mitigate risk. The output of the workshop will further inform the development of the semiquantitative tool by enabling the automatic estimation of risk and prioritisation of further studies, surveys, and
improvement measures when the tool is applied to a specific site.

6
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2.1.6

Semi-Quantitative Tool

A key output of the SECURe project, WP2, subtask 2.1.3 (that Risktec are leading) is a semi-quantitative risk
assessment tool based on the output of the bow-tie risk assessment framework (Risktec Solutions Limited,
2020a), the semi-quantitative workshop, and the output of the other tasks in WP2, as described in this report.
As far as possible, this tool is meant to bring together the quantitative research from SECURe project Tasks
2.2 - 2.4, documenting the factors that influence the likelihood of release paths, the reliability of control
measures, and the estimated rates or volumes of releases. When using the semi-quantitative tool, the user
will be expected to answer questions regarding the relevance of threats and receptors, the effectiveness of
barriers, and the uncertainty surrounding the assessment of barrier effectiveness. This will ultimately enable
users to easily undertake an initial screening risk assessment and / or prioritise further work for different
prospective sites, based on the good practice recommendations that are outputs of the SECURe project.
2.2

RESULTS

2.2.1

Identified Leakage Pathways

Nine risk assessment framework bow-ties were developed as well as two ‘parent’ bow-tie. The parent bowties consider the full range of risks associated with unconventional gas exploitation and Carbon Capture and
Storage. These parent bow-ties clearly show what is within and without the scope of the SECURe project and
where appropriate reference the nine risk assessment framework bow-ties, which are listed as follows:
Unconventionals


SECURe-01: Shale Gas (Natural Gas in Formation) – Release from Well (during Production and
Abandonment Phases);



SECURe-02: Shale Gas (Natural Gas in Formation) – Release from Shale Production Zone;



SECURe-03: Fracturing Fluid / Flowback Water (under Pressure) – Release from Well (during Fracturing
/ between Fracturing / after Fracturing);



SECURe-04: Fracturing Fluid / Flowback (and Formation) Water (in Formation) – Release from Shale
Production Zone;



SECURe-05: Seismicity / Earth Movement (Hydraulic Fracturing) – Induced / Triggered Seismicity

Carbon Storage


SECURe-06: CO2 (under Pressure) – Release from Well (during Injection Phase);



SECURe-07: CO2 (in Storage) / Formation Water– Release from Storage Complex through Abandoned
Wells, Monitoring or Verification Wells



SECURe-08: CO2 (in Storage) / Formation Water – Release from (Primary) Storage Reservoir through
Geological Formations / Discontinuities);



SECURe-09: Seismicity / Earth Movement (CO2 Injection) – Induced / Triggered Seismicity

The bow-ties listed above are presented in full in the SECURe Bow-tie report (Risktec Solutions Limited,
2020a). Each of the bow-ties describes a number of leakage pathways, which can be summarised as follows:


Leakage from wells;



Leakage from a shale production zone;



Leakage from a CO2 storage reservoir.

Bow-ties SECURe-01 to 04 describe leakage pathways for natural gas, formation water / flowback water, and
fracturing fluid from wells and the shale gas production zone. Bow-ties SECURe-06 to 08 describe leakage
pathways for CO2 and formation water from wells and the primary storage complex. The left-hand side of these
seven bow-ties details a total of thirty (30) threats, which describe the initial leakage outside of primary
containment, be that the well, the production zone, or primary storage reservoir. The right-hand side of these
bow-ties describes the receptors that are potentially vulnerable to leakage from these pathways, as well as the
barriers which may attenuate or mitigate leakage once it is outside of the primary containment.
Bow-ties SECURe 05 and 09 are different in the sense that they do not study leakage pathways but are instead
focussed on the causes and consequences of seismicity.
7
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Appendix 1, Figure 87 to Figure 101, presents the leak paths and seismicity hazards described by the SECURe
bow-ties, which through discussions that have taken place during the bow-tie workshops, have been found to
be the most significant and likely to represent the highest risks in Geological Storage of CO2 and
Unconventional Gas projects. During the semi-quantitative workshop each of these leak paths and seismicity
hazards and associated key barriers, were reviewed and semi-quantitatively risk ranked over different
timescales.
Table 1 and Table 2 present the results of the leak path risk ranking when all of the applicable barriers are set
to a ‘Poor’ level of effectiveness, based on the descriptors in Table 43 to Table 65 (Appendix 1). Magnitude of
release was ranked for severity and duration, as described in Section 2.1.5. Likelihood is ranked for two
timescales (10,000 years and 30 years as indicated in the table by (1) and (2) respectively), also as described
in in Section 2.1.5.
Table 1. CO2 threat leak pathways in terms of potential risk over different timescales (‘Poor’
effectiveness of barriers).
CO2 Threat
Leak Path
CO2 flows
vertically out
of the primary
storage
reservoir
through
existing /
legacy well(s)
CO2 flows
vertically out
of the primary
storage
reservoir
through new
fractures
induced from
stresses
associated
with injection
CO2 flows
laterally out of
the primary
storage
reservoir
Presence of
fracture
network / fault
provides
preferential
pathway for
release from
Primary
Storage
Reservoir

Severity

Duration

Severity
Rank

Timescale
(1)

Likelihood
(1)

Timescale
(2)

Small

Long

Medium

10,000
Years

Almost
Certain

30 Years

30 Years

Almost
Certain

(≤10 t per
day)

Medium
(≤100 t per
day)

Small
(≤10 t per
day)

Small
(≤10 t per
day)

(≤100 yrs)

Short
(≤1 year)

Long
(≤100 yrs)

Extended
(>100 yrs)

Low

(P = 0.9)

N/A

Likelihood
(2)

Likely
(P = 0.7)

N/A

(P = 0.9)

Medium

10,000
Years

Medium

10,000
Years

8

Very
Unlikely

30 Years

Almost
Certain

30 Years

(P = 0.9)

Likely
(P = 0.7)

Almost
Certain
(P = 0.9)
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CO2 Threat
Leak Path
CO2 flows
vertically out
of the primary
storage
reservoir
through
abandoned
(former)
injection well
CO2 flows
vertically out
of the primary
storage
reservoir
through
(former)
injection well
repurposed as
a monitoring
well
CO2 release
from injection
well (during
injection
phase)

Severity

Duration

Severity
Rank

Timescale
(1)

Likelihood
(1)

Timescale
(2)

Medium

Long

Medium

10,000
Years

Almost
Certain

100 Years

100 Years

Almost
Certain

(≤100 t per
day)

Small
(≤10 t per
day)

Large
(≤1,000 t per
day)

(≤100 yrs)

Long
(≤100 yrs)

Short
(≤1 year)

Medium

(P = 0.9)

30 Years

(P = 0.9)

Medium

30 Years

Likely
(P = 0.7)

Likelihood
(2)

Likely
(P = 0.7)

Almost
Certain
(P = 0.9)

N/A

N/A

Table 2. Unconventional threat leak pathways in terms of potential risk over different timescales (‘Poor’
effectiveness of barriers).
Unconventionals
Threat Leak Path
Natural gas flows
vertically out of
the production
zone through new
fractures created
during hydraulic
fracturing, beyond
the target
production zone
Natural gas flows
vertically outside
of the production
zone through
abandoned
(former)
production /
fracturing well

Severity

Duration

Rank

Timescale
(1)

Likelihood
(1)

Timescale
(2)

Small

Medium

Low

10,000
Years

Almost
Certain

30 Years

10,000
Years

Almost
Certain

(≤10 t per
day)

Very
Small
(≤1 t per
day)

(≤10 yrs)

Long
(≤100 yrs)

Low

9

(P = 0.9)

(P = 0.9)

100 Years

Likelihood
(2)

Likely
(P = 0.7)

Likely
(P = 0.7)
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Unconventionals
Threat Leak Path
Natural gas
release from
production /
fracturing well
(during production
or fracturing
phase)
Fracturing fluid
flows vertically
out of the
production zone
through new
fractures created
during hydraulic
fracturing, beyond
the target
production zone
Fracturing fluid
release from
production /
fracturing well
(during a
fracturing phase)
Displacement of
formation fluid
outside of the
production zone
as a result of
hydraulic
fracturing
2.2.2

Severity

Duration

Rank

Timescale
(1)

Likelihood
(1)

Timescale
(2)

Likelihood
(2)

Small

Medium

Low

100 Years

Likely

30 Years

Almost
Certain

(≤10 t per
day)

Medium
(≤100 t per
day)

Large
(≤1,000 t
per day)

Small
(≤10 t per
day)

(≤10 yrs)

Short
(≤1 year)

Short
(≤1 year)

Short
(≤1 year)

Low

30 Years

(P = 0.7)

(P = 0.9)

Almost
Certain

N/A

N/A

30 Years

Almost
Certain

(P = 0.9)

Medium

Very
Low

100 Years

10,000
Years

Likely
(P = 0.7)

(P = 0.9)

Likely

30 Years

(P = 0.7)

Likely
(P = 0.7)

Significant Risk Factors

Section 2.2.1 describes the risk ranking exercise carried out for each significant leakage pathway. Table 3 and
Table 4 present the five leak pathways that have been assessed as the highest risk for the primary storage
complex and the production zone respectively
Table 3. CO2 threat leak pathways top 5 risks.
#
1
2
3
4
5

Leak Path
(from Well or Primary Storage Complex)

Vertical migration of CO2 through existing fault / fracture network
Vertical migration of CO2 through injection / monitoring well that is no longer
injecting
Vertical migration of CO2 through abandoned injection well
Vertical migration of CO2 through existing / legacy well
Lateral migration of CO2 beyond the lateral extents of the primary storage complex

Table 4. Unconventional threat leak pathways top 5 risks.
#
1
2

Leak Path
(from Well or Production Zone)

Release of fracturing fluid from well during hydraulic fracturing
Release of natural gas from production well during production
10
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#

Leak Path
(from Well or Production Zone)

Vertical migration of natural gas outside of the production zone through new
fractures created during hydraulic fracturing
Vertical migration of fracturing fluid outside of the production zone through new
4
fractures created during hydraulic fracturing
Vertical migration of natural gas outside of the production zone through abandoned
5
(former) production / fracturing well
Sensitivity studies were conducted on each of the barriers for the significant leak paths. These sensitivity
studies were carried out by varying the effectiveness of single barriers from ‘poor’ to ‘good’ and revisiting the
risk ranking. The output from these sensitivity studies is presented in Table 5 and Table 6 below. For both
Table 5 and Table 6, the Primary Well Barrier Envelope can result in the significant reduction in risk of leakage
when that barrier is a ‘good’ level of effectiveness for both CO2 Storage and Unconventional Gas. However,
for the CO2 threat leak pathways, when the combined influence of multiple simultaneous leak pathways is
taken into consideration, the extent to which (primary) storage reservoir pore pressure is sub-hydrostatic has
the greatest potential for risk reduction.
3

Table 5. Barriers for CO2 significant leak pathways with potential for greatest risk reduction.
#

Barriers for CO2 Significant Leak Paths

1

Well Engineering - Primary Barrier
Envelope (integrity of cement and its
interfaces with casing and surrounding
geology)

2

Geological Properties: Extent to which
(primary) storage reservoir pore pressure is
sub-hydrostatic

Applicable Leak Paths
Vertical migration of CO2 through injection /
monitoring well that is no longer injecting
Vertical migration of CO2 through
abandoned injection well
Vertical migration of CO2 through existing
fault / fracture network
Vertical migration of CO2 through existing /
legacy well

3

Geological Properties: Geometry and
features of storage complex and primary
seal, e.g. spill points, faults that act as
barriers to lateral migration

Lateral migration of CO2 beyond the lateral
extents of the primary storage complex

4

Geological Properties: Extent to which
degree of fault development and location of
significant faults and fractures reduces
likelihood of release

Vertical migration of CO2 through existing
fault / fracture network

Table 6. Barriers for unconventional significant leak pathways with potential for greatest risk
reduction.
#

Barriers for Unconventionals Threat
Leak Path

1

Well Engineering - Primary Barrier
Envelope: Prevents flow of hydrocarbons
into annulus from tubing or production
zone

2

Well Engineering: Secondary Well Barrier
Envelope: Prevents flow of hydrocarbons
into annulus from production zone or into
environment (subsurface or atmospheric)
from annulus

11

Applicable Threats
Release of natural gas from production
well during production
Release of fracturing fluid from well during
hydraulic fracturing
Release of natural gas from production
well during production
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#

3

4

Barriers for Unconventionals Threat
Leak Path
Well Engineering: Extent to which tubing
and casing design adopts good practice,
e.g. three casing strings (Surface,
Intermediate, and Production) - Production
casings extending below the aquifer level
Geological Properties: Properties of fault /
fracture network constrains flow along fault
/ fracture network

Applicable Threats
Release of natural gas from production
well during production
Vertical migration of natural gas outside of
the production zone through new fractures
created during hydraulic fracturing

In order to assess the effect of barriers on the right-hand side of the bow-tie, a standard initial risk was
postulated, in terms of release duration, severity and likelihood over four timescales. The path from a top event
to a receptor / consequence was shown in the form of a simple bow-tie including top event, nominal receptor
/ consequence and the barrier of interest. These are shown in Appendix 1, Figure 102 to Figure 110. The initial
risk is an unmitigated risk, which has the barrier effectiveness set to ‘poor’. This is shown in the first row of
each Table 7 and Table 8.
The effectiveness of each right-hand side barriers was then set to ‘good’ to test the effect on this initial risk.
The resultant risk reduction level when each of the barriers are at ‘good’ level of effectiveness is shown in in
Table 7 and Table 8, for the CO2 and unconventional pathways respectively. In Table 7, the extent to which
geological layers above the primary seal / between the storage reservoir and receptors store / slow down
movement of CO2 has the greatest potential to reduce the overall risk of CO2 release to receptors. This is
mainly due to the reduced severity and duration. Although the severity and duration is the same for each of
the barriers in Table 8, it is the separation of shale formation from potential receptors that was assessed to
result in the lowest overall likelihood across the different timescales; therefore, this has the greatest risk
reduction potential for releases from shale gas sites.
Table 7. Effect of barriers for mitigation / attenuation of CO2 leak pathways.
Barriers for CO2
consequence leak
pathways

Severity

Duration

Rank

Likelihood
for 10,000
years

Likelihood
for 1,000
years

Likelihood for
100 years

Likelihood
for 30 years

Unmitigated Risk – Barrier set to ‘poor’ effectiveness

All barriers

Small
(≤10 t per
day)

Medium
(≤10 yrs)

Low

Almost
Certain

Almost
Certain

Almost
Certain

(P = 0.9)

(P = 0.9)

(P = 0.9)

Likely
(P = 0.7)

Mitigated Risk – Barrier set to ‘good’ effectiveness
Geological
Properties: Extent
to which geological
layers above the
primary seal /
between the
storage reservoir
and receptors store
/ slow down
movement of CO2
Geological
Properties:
Separation of
storage complex
from potential
receptors

Very
Small
(≤1 t per
day)

Small
(≤10 t per
day)

Short
(≤1 year)

Medium
(≤10 yrs)

Very
Low

Very
Unlikely

Very
Unlikely

Almost
Impossible

Almost
Impossible

(P = 0.1)

(P = 0.1)

(P = 0.01)

(P = 0.01)

Low

Almost
Certain

Likely

Very Unlikely

(P = 0.7)

(P = 0.1)

Almost
Impossible

(P = 0.9)

12

(P = 0.01)
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Barriers for CO2
consequence leak
pathways
Geological
Properties: Extent
to which geological
layers / formation
seals well and
prevents / slows
down release of
CO2

Severity

Small
(≤10 t per
day)

Duration

Medium
(≤10 yrs)

Rank

Low

Likelihood
for 10,000
years

Likelihood
for 1,000
years

Likelihood for
100 years

Likelihood
for 30 years

Likely

Very
Unlikely

Very Unlikely

Very
Unlikely

(P = 0.7)

(P = 0.1)

(P = 0.1)

(P = 0.1)

Table 8. Effect of barriers for mitigation / attenuation of unconventional gas leak pathways.
Barriers for
Unconventional
consequence
leak pathways

Severity

Duration

Rank

Likelihood
for 10,000
years

Likelihood
for 1,000
years

Likelihood
for 100
years

Likelihood
for 30
years

(P = 0.7)

Unmitigated Risk – Barrier set to ‘poor’ effectiveness

All barriers

Medium
(≤100 t per
day)

Medium
(≤10 yrs)

Medium

Almost
Certain

Almost
Certain

Almost
Certain

(P = 0.9)

(P = 0.9)

(P = 0.9)

Likely

Mitigated Risk – Barrier set to ‘good’ effectiveness
Geological
Properties: Extent
to which
geological layers
above the
production zone /
between the
production zone
and receptors
slow down
movement of
natural gas
Geological
Properties:
Separation of
shale formation
from potential
receptors
Geological
Properties: Extent
to which
geological layers /
formation seals
well and prevents
/ slows down
release of natural
gas

Medium
(≤100 t per
day)

Medium
(≤100 t per
day)

Medium
(≤100 t per
day)

Medium
(≤10 yrs)

Medium
(≤10 yrs)

Medium
(≤10 yrs)

Medium

Medium

Almost
Certain

Almost
Certain

(P = 0.9)

(P = 0.9)

Almost
Certain

Likely

(P = 0.9)

Medium

(P = 0.7)

Almost
Certain

Almost
Certain

(P = 0.9)

(P = 0.9)

13

(P = 0.7)

Very
Unlikely

Very
Unlikely

Almost
Impossible

(P = 0.1)

(P = 0.01)

Likely

Very
Unlikely

Likely

(P = 0.7)

(P = 0.1)

(P = 0.1)
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Barriers for
Unconventional
consequence
leak pathways
Geological
Properties: Site
characterisation
identifies potential
for radiological /
toxic hazards
2.2.3

Severity

Medium
(≤100 t per
day)

Duration

Medium
(≤10 yrs)

Rank

Medium

Likelihood
for 10,000
years

Likelihood
for 1,000
years

Likelihood
for 100
years

Likelihood
for 30
years

Almost
Certain

Almost
Certain

Likely

Very
Unlikely

(P = 0.9)

(P = 0.9)

(P = 0.7)

(P = 0.1)

Summary

Each of the tables shown in this section have provided further input into the determination of the relative
importance of key variables in terms of the significance of different leak paths in terms of potential magnitude
and likelihood over different timescales, as well as the importance of individual factors in terms of their potential
to mitigate risk.
In addition to leak pathways, seismicity was also considered during the semi-quantitative risk assessment
workshop. As well as being an important factor for CO2 leakage, the extent to which there are significant faults
and fracture networks is also the most important risk factor for the occurrence of significant seismic events,
i.e. those events with the potential to lead to measurable effects on receptors identified in the bow-tie risk
framework.
This process described in terms of developing the bow-tie risk framework, undertaking of semi-quantitative
risk ranking, and assessing the importance of individual risk factors has provided the basis for development of
the semi-quantitative tool by enabling prioritisation of further studies, surveys, and improvement measures
when the tool is applied to a specific site.
2.3

DISCUSSION

The results of the process followed reinforces the direction and risk assessment priorities set by the SECURe
project. The extent to which the storage reservoir remains at sub-hydrostatic pressure is the most important
geological risk factor. However, this will largely be determined by the type of storage facility selected. Once
this is set on one side, the most important geological risk factor is the extent to which the primary seal is faulted
and fractured, both for leakage risk and seismic risk. The SECURe project addresses this through
consideration of fault zone analysis (Section 4.2). The permeability of faults and fractures (Section 4.1) only
shows as a significant risk factor for leakage when combined with the presence of significant through-going
faults and fracture networks; however, when this occurs, the risk of leakage, particularly over extended (10,000
year) timescales becomes almost certain.
Well integrity, particularly the primary well barrier envelope, shows up as a significant risk factor for both
unconventional gas exploitation and geological CO2 storage. Furthermore, well integrity is of particular
significance for the leakage pathway through existing / legacy wells. This pathway occurs both on the left-hand
side and the right-hand side of the SECURe risk framework bow-ties. The SECURe project considers the effect
of pressure and temperature cycling on well cement sheaths in terms of both leakage risk (Section 3.1) and
the potential for remediation (WP5), along with the techniques for well integrity assessment (Section 3.2).
In addition to reinforcing the priorities selected by the SECURe project, the risk assessment framework and
semi-quantitative risk-ranking workshop form the basis of a semi-quantitative risk assessment tool that is
currently in development. This will bring together the risk framework with the quantitative analysis described
in this report to enable operators and risk assessors to carry out a semi-quantitative risk screening exercise
for potential CO2 Storage and Unconventional Gas exploitation sites. This tool will show the relative risk
between different sites; provide bow-tie diagrams that can be upgraded in workshops to develop site specific
analysis; and prioritised measures for reduction in risk or uncertainty, which can then be balanced against
cost. This allows for the good practice recommendations and outputs from the SECURe project to be captured
and easily translated to real world applications.
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3 Well Integrity
3.1
3.1.1

LEAKAGE PATH INVESTIGATION
Mini-Wellbore Simulator for Cement Sheath Integrity

The mini-wellbore simulator at SINTEF is part of the ECCSEL Well Integrity laboratory infrastructure. It forms
a downscaled well assembly, that is essentially a steel casing cemented into a hollow-cylinder sandstone or
shale core plug and inserted into a rubber sleeved cell. The cell wall is a combination of aluminium and carbon
fibre wrap, giving it strength while not compromising X-ray transparency. The mini-wellbore simulator enables
one to conduct pressurised testing under CT scanning, thus visualising fracturing as it occurs. As shown in
Figure 4, the cell accommodates a 40 mm diameter casing, with a 52 mm cement sheath around it. The casing
is cemented to a rock specimen (usually sandstone or shale plug) with outer diameter of 90 mm fitting inside
a rubber sleeve. The cell has end caps with fluid ports allowing separate control of fluid pressure inside the
casing, the cement sheath (these ports are used to place the cement and allow it to cure under pressure), the
pore pressure in the rock core plug and finally, the confining pressure tightening the sleeve onto the rock plug.
The confining pressure limit of the current cell is 200 bar, whereas the casing pressure limit is 500 bar.

Figure 4. The ECCSEL Well Integrity mini-wellbore simulator at SINTEF. Left: axial cut showing core
holder with end caps and placement of central casing; right: cross section showing concentric
geometry with casing in the centre, surrounded by a cement sheath, rock core plug and confining
rubber sleeve.
The end caps with the fluid ports are shown in Figure 5, as well as the assembly with steel casing and hollow
cylinder rock. The casing is bonded to the rock when cement is injected directly through its own designated
ports and hardened under desired pressure.
The ECCSEL mini wellbore simulator is used to investigate field-relevant breach of well integrity; this is
achieved by varying the wellbore pressure. Increase and decrease in the wellbore pressure make the steel
casing expand and contract, and due to stiffness contrasts with the cement and rock, initiates different types
if fractures in those materials. These cycles represent stress changes to be expected during the lifetime of the
well, principally due to temperature contrasts for CCS operations upon well shut-in and bean-up. For shale
gas operations, pressure variations are obviously related to fracturing stages and later, when in production
mode due to rapid depletion and stress shadowing between fractures and their successive closures.
The mini-wellbore simulator is further discussed in deliverable D5.4, where it is used as part of a 3-tiered
approach to test candidate remediation materials. In order to make for self-consistent reports and increase
15
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readability, parts of the content from the present report (deliverable D2.5) presenting the equipment and the
obtained fracture network are repeated in D5.4. Thereafter, original sections are added describing the results
from remediation testing.

Figure 5. The ECCSEL Well Integrity mini-wellbore simulator at SINTEF. Left: CT transparent carbonwrapped core holder. Middle: end caps with placement of casing and rock. Right: one end of the cell
after assembling all components except one end cap.
3.1.1.1 USING MINI-WELLBORE SIMULATOR TO PRODUCE REALISTIC LEAKAGE PATHWAYS
For pressure cycling experiments in the mini-wellbore simulator we used Castlegate sandstone and Portland
G cement. The core holder was assembled and placed vertically, then the core rock saturated with brine for
24 hours. Having a pore fluid is essential to maintain the pore space against collapse when applying
confinement force to the rock. Cement slurry was prepared with a water-to-cement ratio of 0.5. Cement slurry
was then injected into the annulus from bottom side of the core holder. The slurry displaces the brine in the
annulus, similar as under downhole conditions. We used a peristaltic pump for the injecting purpose. The pump
was able to pump the slurry with a maximum of 10 bar. The pore fluid pressure was maintained with 20 bar for
48 hours until the cement slurry was solid. The same pressure is applied to the confining sleeve. This ensures
a uniform high quality of cement in the annulus. The cement was cured at room temperature. An industrial Xray µ-CT scanner was used for characterization of quality of the cementation and fracturing upon pressure
increase and pressure cycling.
The first test was run without confining or pore pressure, and pressure increase was performed inside of the
CT scanner, with in-situ CT scanning. The casing pressure was increased stepwise from 50 bar up to 350 bar
to induce fractures in the annular cement and rock, as indicated in Table 9. Pressure cycling between 100 and
300 bar was then performed. For the second test, pressure increase and cycling were performed in-situ in the
CT scanner with application of confining and pore pressures in addition to the casing pressure. The application
of the casing pressure started at 100 bar and went up to 400 bar (Table 9), and CT scanning was repeated
after each pressure increase. In the second test, pressure cycling was then performed between 100 and 400
bar. The mini-wellbore simulator was scanned for 360 degrees with different test parameters as shown in Table
9. For both tests, CT scanning was performed with the in-situ pressure conditions. Typical reconstructed CT
images (horizontal and vertical cross-sections) of the setup with the wellbore sample are shown in Figure 6.
The CT images were analysed and segmented into three-dimensional (3D) representations in Avizo Fire
software (FEI, Amira & Avizo 3D Software, part of Thermo Fisher Scientific). Sandstone material was defined
first and starting from this label other components were distinguished (cement, casing, fractures, void space).
Fractures and void spaces were defined by selection of a low intensity range that covered best the void space
for the available image resolution. Uncertainty in definition of fractures by this image segmentation method
arises from the limited resolution of the CT images, limitations of the image analysis method itself, subjective
selection of relevant greyscale ranges, and overlapping intensity for the sandstone matrix, cement and
fractures. Although not all fractures, especially the finer ones, could be extracted due to these limitations of
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the conventional image analysis technique, this method still provided a decent visualization of the more
prominent fractures.
Table 9. Test parameters: applied confining, pore and casing pressures.
Confining, Psl
(bar)

Pore, Pp (bar)

Casing, Pc (bar)

Casing pressure
cycling (bar)

Test 1

0

0

50, 150, 200, 300, 350

100 - 300

Test 2

100

50

0, 100, 250, 300, 350, 400, 450

100 - 400

Figure 6. Typical reconstructed CT images of the setup with the sample (from test 1): (a) A horizontal
cross section; (b) A central vertical cross section; (c) 3D image rendering of a half of the entire setup
exposing the central vertical cross section. Various components of the setup, steel casing, the cement
sheet, the rock core, and the sleeve separating the confining pressure from the pore pressure could
be distinguished easily.
3.1.1.2 RESULTS
Qualitative analysis for the two scenarios of pressure cycling tests with only casing pressure applied (test 1)
and with application of confining and pore pressures in addition to the casing pressure (test 2) are given in the
following.
Test 1: Setup without confining or pore pressure
Figure 7 and Figure 8 show cross-sectional CT images before fracturing at a casing pressure of 200 bar, after
the initial fracturing event and after pressure cycling, at the same position along the cell axis. The CT
images revealed that the cement slurry did not fill the annular space completely, especially towards the casing
(Figure 8), due to poor quality of the cement displacement in the annulus. The void space extended almost
17
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throughout the entire sample. The opening was larger closer to the top end, which is visible also in Figure 6b.
However, we decided to continue the planned test since the results would most likely demonstrate a poor
cement job scenario. The casing pressure was increased stepwise as explained in Table 9. There were no
visible changes in the cement sheath before the internal casing pressure was increased up to 300 bar, when
a couple of fractures appeared (Figure 7b, Figure 8a). One fracture extended into the rock, while there were a
couple of other fractures that appeared only in the cement sheath. The experiment was then continued with
pressure cycling between 100 and 300 bar. Figure 7c and Figure 8b show further development of the radial
fractures in the annular cement after pressure cycling, and their continuation into the surrounding rock at 300
bar of casing pressure. Pressure cycling induced many new fractures, some of them very fine. Reconstruction
of the sample into 3D volume is shown in Figure 9. The radial fractures extended along the sample axis, and
this caused the core sample to be split into several pieces while disassembling the setup. No new fractures
were observed when pressure was increase beyond 300 bar after the cycling procedure.

Figure 7. Test 1: Cross-sectional CT images taken at the same position along the cell axis (closer to
the bottom of the sample), at various stages of casing pressure application: (a) at a casing pressure
of 200 bar before fracturing occurred, (b) upon the occurrence of the first fractures at 300 bar of casing
pressure, and (c) after casing pressure cycling between 100 bar and 300 bar, with CT scanning
performed at 300 bar.

Figure 8. Test 1: Cross-sectional CT images taken at the same position along the cell axis (around
sample centre), where opened channel toward the casing is visible: (a) upon the occurrence of the first
fractures at 300 bar of casing pressure, and (b) after casing pressure cycling between 100 bar and 300
bar, with CT scanning performed at 300 bar.
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Figure 9. Volume reconstruction of the wellbore sample for test 1: (a) after the initial fracturing; (b)
after pressure cycling; (c) after pressure cycling – only casing, fractures and void space shown, in
another orientation. Yellow – rock; boundaries between rock and cement and cement and casing are
also shown. Red – fractures and void space in the cement sheath. Purple – fractures in the rock.
Test 2: Setup with confining and pore pressure
The initial conditions of the experimental setup were with application of a confining pressure of 100 bar and a
pore pressure of 50 bar. The setup was CT scanned regularly after each step of applied change in the casing
pressure, according to Table 9. The casing pressure was increased stepwise up to 400 bar without any
fracturing in the cement sheath. Pressure cycling was then conducted between 100 and 400 bar (8 cycles),
and still no changes were observed. After the last cycle, the casing pressure was increased to 450 bar. Thus,
for confining pressure of 100 bar, no changes in the rock nor the annular cement sheath could be observed
for casing pressures up to 450 bar. This may be expected due to the confinement force that was radially
applied to the rock in the opposite direction of the casing expansion forces that were imposing a compressive
stress in the tangential and radial directions.
Taking into consideration the force balance calculations and the pressure limitations in the setup (450 bar), it
was decided to reduce the confining pressure from 100 bar to 85 bar. This resulted in the immediate formation
of fractures in both the cement sheet and the surrounding rock. Figure 10 shows the effect of confining pressure
reduction from 100 to 85 bar, while the casing pressure and pore pressure were kept constant at 450 bar and
50 bar, respectively. A central vertical CT cross-section and reconstruction of the sample into a 3D volume is
shown in Figure 11. The results show that the fractures propagated radially when reducing the confining
pressure from 100 to 85 bar. This may be similar to what may happen in the reservoir zone during the reservoir
pressure depletion. Permeability measurements at two different confining pressures were taken from the
fractured sample. The results are shown in
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Table 10.

Figure 10. Test 2: Cross-sectional CT images prior to and after the reduction of the confining pressure
from (a) 100 bar to (b) 85 bar, at the same position along the cell axis. The casing pressure was kept at
450 bar, while the pore pressure was maintained at 50 bar.
Table 10. Test 2: permeability after the initial fracturing at two different confining pressures.
Confining pressure (bar)

Permeability after fracturing (mD)

54

151

85

136

3.1.1.3 DISCUSSION
The results from these two experiments show that the fracture patterns in the annular cement sheath and the
near wellbore formation are qualitative and quantitatively different. This can be correlated with the application
of the confining and pore pressures. Applying confining pressure led to a higher fracturing wellbore pressure,
a greater number of fractures with both smaller apertures and symmetrical compared to the test with no
confinement. This has been numerically demonstrated by Gheibi et al. (2019). For tensile fractures, the onset
of fracturing will depend on both the pore pressure and minimum principal stress, decreasing with pressure
and increasing with stress (Fjar et al., 2008). The same trend occurs regarding possible shear failure. Most
commonly, one would expect pore pressure and minimum principal stress to be correlated in evolution with
depth, at least in the same lithology and formations without abnormal pressures, meaning that expected
fracturing threshold will increase with simultaneous increase of both pore pressure and stress. The fractures
that we initiated in these two tests are similar to the observations from previous studies where pressure cycling
of the casing was performed (Skorpa et al., 2019; Vrålstad et al., 2019). In these two studies, there was no
confining nor pore pressure, and only casing pressure was applied stepwise, as in the present study. This
corresponds to the conditions in the first test. Gradual failure of the cement sheath was observed when it was
surrounded by Castlegate sandstone (Skorpa et al., 2019; Vrålstad et al., 2019), from 150 bar to 300 bar when
finally, a distinct fracture appeared in the rock as well. This is similar to our observations in the first test, upon
the initial fracturing of the cement and rock (Figure 7b, Figure 8a).
Another factor that could have affected the pattern and the size of the fractures in these two tests is the initial
cement sheath integrity. In the first test, a substantial amount of cement was absent, and the casing had a
large non-bonded surface. On the other hand, in the second test, the quality of the cementing was much better,
and the cement slurry completely filled the annular space. The fracture distribution in the second test was more
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uniform around the casing. The absence of cement on the significant portion of the casing in test 1 has probably
contributed to a more complex fracture pattern.

Figure 11. Test 2 after fracturing: (a) a central vertical CT cross-section with one fracture visible; (b)
volume reconstruction of the sample. Yellow – rock; boundaries between rock and cement and cement
and casing are also shown. Red – fractures and void space in the cement sheath. Purple – fractures in
the rock.
These fracturing tests in the mini-wellbore simulator show that it is possible to achieve near-downhole
conditions in a downscaled wellbore sample that would initiate radial fracturing of the annular cement sheath
and the surrounding formation. The possibility to independently apply the casing, confining and pore pressure
simulator enables us to recreate conditions relevant for particular field situations. The second test performed
here is an example of a possible relationship between the casing, confining and pore pressure.
3.1.2

Laboratory Testing to Support Numerical Modelling

Numerical models involving different materials need good calibrated input parameters, both describing the bulk
material properties, interface properties wherever contacts between different materials occur, as well as
expected changes in these properties upon reaction to external solicitations, including to the point of fracturing.
The cases of interest for well integrity modelling are bulk mechanical and thermal properties of casing steel,
sheath cement and the rock formations to which the casing is cemented. Changes in these bulk properties
with stress are interesting as well and mostly well described for the different steel alloys (yield stress, nonlinearity in elastic and thermal properties) and rock formations (dedicated tests for the formations found in
different oil and gas provinces, less so for new aquifer locations chosen for CO2 storage). However, for well
cement, properties are usually tested for plugs cured at ambient conditions. It is therefore important to assess
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these properties for field-relevant curing conditions and different formulations (including lightweight and flexible
cements).
Interface properties are not easy to access but are however key input parameters for well integrity modelling
purposes. The cases of interest here are cement bond strength and frictional properties at the interfaces with
the steel casing and the different rock formations. Note that the interface strength must specify both shear and
tensile limits, with the tensile strength being the most difficult to correctly test. Petrophysical properties of
interest are porosity and permeability of the bulk cement. The notion of permeability can be extended to mean
effective permeability when the cement (or rock formation, or the interface between them) bulk includes one
or several fractures.
Previous publications have explored thermal properties and thermal stress induced failure of shale and
wellbore cement (Cerasi et al., 2014; Lavrov et al., 2014), cement to rock interface strength (Cerasi and Stroisz,
2015; Opedal et al., 2019; Stroisz et al., 2019) and cement to steel interface strength (Lavrov et al., 2017;
Lavrov et al., 2019). Here, we present results concerning permeability testing of cement plugs, both intact and
after stress-induced tensile fractures are created in the plugs. Additionally, we present tensile and shear
strength testing of cement plugs having been cured under different confining stress conditions.
3.1.2.1 CEMENT PERMEABILITY TEST RESULTS (INTACT AND FRACTURED).
Portland G cement samples were prepared, cylinders with 38.3 mm diameter and 20.7 mm thickness. Slurry
preparation was according to API standard (API RP 10B-2, 2013) mixing water and cement at a ratio of w/c =
0.44. The samples were then tested to determine permeability using the transient pressure equilibration
method, whereby a sample is placed in a pressure vessel, where confining pressure is applied and separate
fluid pressure can be applied on the two faces of the sample (Figure 12). A pressure difference is then applied
across the sample by changing the fluid pressure in contact with one side of the sample. Pressure is then left
to equilibrate across the tested sample; assuming exponential decay, one is then able to deduce the sample's
dynamic absolute permeability. This set-up is mostly used on nano Darcy (nD) permeability shale specimens
but should still yield good results on more permeable cement.
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Figure 12. Pressure vessel for transient permeability testing (up). Differential pressure decay signal
from which the permeability can be calculated (down).
Intact cement permeability was thus determined to be 0.81 µD. The next step was then to insert the samples
into a load frame equipped to perform point load compression along a diameter, the so-called Brazilian test or
indirect tensile strength test. Compression induces a tensile stress in the middle of the sample, perpendicular
to applied loading. A vertical tensile fracture develops from the centre of the specimen, as shown in Figure 13.

Figure 13. Brazilian test performed on a cement sample (left; picture is generalized Brazilian test on
cement sample not the sample showing in the right). Induced fracture on the specimens (two sides)
for permeability testing (right).
A sequence of CT cross-sectional images of fractured cement samples can be seen in Figure 14. The fractured
specimen was then again tested in the transient permeability setup, yielding an increased value of 88.6 µD
(Table 11). Timeline for the transient permeability test for both intact and fractured samples is showing in
Figure 15.
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Figure 14. A sequence of CT cross-sectional images of the cement sample fractured in the Brazilian
test.

Figure 15. Permeability test timeline for cement plug (intact) along with temperature (left) and cement
plug with fracture (right). Three differential pressure cycle was conducted because the 2nd cycle was
not perfectly executed.
Table 11. Permeability measurements on a cement sample.
Intact cement permeability (µD)

0.81

Fractured cement permeability (µD)

88.6

3.1.2.2 CEMENT STRENGTH TEST RESULTS (AS A FUNCTION OF CURING STRESS).
Portland G cement samples were cured at atmospheric pressure, 2 MPa and 10 MPa applied axial stress in
odometric conditions. The samples cured at atmospheric pressure were not cured under elevated temperature.
The samples cured at higher pressure were cured at 66 °C for 48 hours and kept in water post curing for
another 48 hours. Both indirect tensile strength [ITS] and unconfined compressive strength [UCS] tests were
performed. Results indicate that curing stress has no significant effect on hardened cement strength, although
previous work has shown that curing stress does have an effect on bond strength, where especially on shales,
curing at atmospheric conditions yields 0 bond strength (Stroisz et al., 2019). If anything, the results show a
weak inverse correlation between curing stress and cured strength, which we may speculate being due to
micro-fracturing upon stress removal after curing. The results are presented in Table 12.
Table 12. Strength measurements on cement samples.
Curing conditions (pressure / temperature)
Strength test

Atm. / room

2 MPa / 66 °C

10 MPa / 66 °C

20 MPa / 66 °C

Average tensile
strength (ITS) [MPa]

5.9
(10 tests)

4.9 ± 0.6
(7 tests)

4.7 ± 1.0
(7 tests)

4.7 ± 1.0
(3 tests)

Average shear
strength (UCS) [MPa]

58.3
(7 tests)

50.8 ± 1.9
(2 tests)

52.6 ± 1.7
(2 tests)

62.5
(1 test)

Average Young's
modulus [GPa]

11.63

9.1

10.1

10.3

Average Vp [m/s]

3,366

3,360

3,335

3,310
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3.2

WELL CEMENT INTEGRITY ANALYSIS

Numerical models are effective tools to assess the integrity of annular cement under various downhole and
operational conditions. Numerical modelling provides valuable information on the stress state of cement,
casing and the formation. This allows us to predict the type of cement failure and the conditions at which they
occur. There are several types of cement failure that could occur in a wellbore, jeopardizing the cement
integrity. The cement can debond from the casing or the formation, creating what is called a “microannulus”
(Gasda et al., 2004; Roy et al., 2018). Microannuli are generally treated as single fractures with a certain
aperture and can lead to significant leakage through the annular space (Moghadam et al., 2020). Debonding
occurs when the stresses at the cement/casing or cement/formation interfaces become tensile (Lavrov, 2018).
This condition could occur when wellbore pressure or temperature drop significantly, resulting in casing
contraction (Chu et al., 2018). During CO2 injection, wellbore temperature drops significantly. Therefore,
debonding is one of the major concerns regarding the cement integrity of CO2 injection wells. Cement can also
undergo shear failure, tensile cracks, and disking (Bois et al., 2011) depending on the downhole conditions
and cement properties.
Numerical models attempt to calculate the stress distribution around the wellbore. The state of stress in the
cement and its change after an operation can indicate the type of failure that could occur in the annulus. These
calculations usually include assumptions regarding the initial conditions of cement and the wellbore (SaintMarc et al., 2008). The stress state in the wellbore changes throughout the life of the well, from the drilling
stage, to completion, well testing, production, and injection phases. Therefore, numerical procedures have
been developed that solve for stresses during all the stages of the well’s life to keep track of all the changes
in cement stress (Bosma et al., 1999; Gray et al., 2009). Gray et al., (2009) outlined a workflow to use a finite
element model to simulate the well stresses. Their modelling framework only included the impact of casing
pressure. In this study, we use a similar numerical procedure as Gray et al. (2009) but also include the impact
of temperature on wellbore stresses.
The accuracy of the results of the modelling workflow depends on the quality of the input parameters. However,
many of the input parameters for well integrity are uncertain. In this study, we implemented a probabilistic
approach in analysing the cement integrity (Orlic et al., 2018). Therefore, the results portray the probability of
cement failure (i.e. debonding, etc.) considering certain distributions for the input parameters. Two case studies
are performed as part of this project. The first case study simulates the re-use of an offshore gas well for CO2
injection in the Netherlands. The second case study investigates the well integrity risks for a shale gas well in
Poland. The results of this work assist operators and regulators to understand the well integrity risks associated
with various operations such as carbon sequestration and hydraulic fracturing.
To further interpret these outputs and observe the impact of the input parameters on the resultant cement
failure, a Bayesian belief network [BBN] has been developed for each of the case studies (Brunner et al.,
2018). A BBN is a graphical network which contains relationships between different features and can help to
calculate the conditional probabilities between these features. They are capable of incorporating a wide variety
of data, including uncertain parameters, expert knowledge, and updated information about the parameters into
the model, and thus have been used extensively in risk analysis, including assessments on public health risk
for diseases (Zabinski et al., 2018; Zarandi et al., 2017; Ho et al., 2017), safety of industrial processes
(Hänninen and Kujala, 2012; Zerrouki and Smadi, 2017; Zhang et al., 2016), and to a limited extent on well
integrity (Abimbola et al., 2016; Fam et al., 2020). The application of a BBN to these case studies can help
guide decision making, as it allows for the user to adjust certain deterministic parameters, specific to their site
and operational strategy.
3.2.1

Geomechanical Modelling Methodology

The nonlinear finite element simulator DIANA was used to carry out the simulations. DIANA is a generalpurpose finite element code, based on the Displacement Method (DIANA FEA, 2019). The model represented
a 2D cross section of the wellbore at a certain depth. The cross-section depth was selected to be in the caprock
as it acts as a barrier to fluid leakage. The model geometry included a casing (placed perfectly in the wellbore),
annular cement, and the formation, as depicted in Figure 16. Plane strain elements were used to model the
bulk materials and cement interfaces were modelled by zero-thickness interface elements.
Appropriate non-linear material models were used to identify and simulate different failure modes. Plastic
deformation in the casing, cement, and the formation were monitored. In addition, debonding and the relative
opening at the interfaces were recorded throughout the simulations. The casing was assumed to behave
elastically until the von Mises failure criteria was reached. The casing was assumed to behave in a perfectly
plastic fashion after failure (no strain hardening or softening). Mohr-coulomb failure criteria was used for both
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the cement and the formation. A coulomb friction model with a tension cut-off rule was used to model the
cement interfaces.

Figure 16. Model geometry in DIANA for the well integrity simulations.
The modelling workflow incorporated the entire wells’ operational history. The following stages were included
in the analysis (Figure 17):








Drilling stage: During this stage the stresses and temperatures in the formation are initialized. The
wellbore is then excavated in the centre of the model and the stress distribution around the wellbore
is calculated after applying the mud pressure to the wellbore region. A separate transient heat transfer
analysis is conducted to obtain the temperature distribution around the wellbore during the drilling
stage. Temperature influences the stress values through thermal expansion of the materials. This
impact is only one-way, as stresses do not materially change the temperatures. Therefore, it is
sufficient to incorporate the impact of temperature in a one-way coupled fashion.
Casing and cement stress initializations: Both casing and cement are loaded to their expected
initial stress values. For the casing, this is determined by the buoyed weight of the casing in the drilling
mud (as the casing is initially placed in a well filled with mud) in the axial direction, and the mud
pressure inside and outside the casing. For cement, initial stresses in all directions are set to be equal
to the hydrostatic pressure of the cement slurry minus the pore pressure at the depth of analysis.
Cement is assumed to be a poroelastic material in our simulations.
Completion: During this stage both the casing and cement are placed in the wellbore. The cement
interfaces are assumed to be fully bonded initially. The initial stress equilibrium is then established.
Cement curing is then modelled by applying a prescribed volumetric shrinkage to the cement
elements. This generally destresses the cement to some extent. In addition, a new temperature
distribution is established as the cement heats up during the curing period. This temperature increase
leads to higher stresses in cement. The final stresses in cement after the completion stage are a
combination of these two factors. For the case of a shale gas well, we also modelled the hydraulic
fracturing process by gradually increasing the casing pressure to 70 MPa to mimic the pressures
encountered during fracturing.
Operations (production/injection): During this stage, production and injection scenarios are
simulated. During the production phase the casing pressure is dropped over time, reflecting the drop
in reservoir pressure. Once the reservoir pressure dropped below a certain threshold the injection
phase begins. During injection, the wellbore temperature drops significantly due to cold CO2 being
injected initially at low pressures. The pressure and temperatures are gradually raised to represent
the increase in formation pressure due to the injection.
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Figure 17. The modelling workflow in DIANA with the well’s operational history.
3.2.1.1 PROBABILISTIC APPROACH
A Monte Carlo type procedure was utilized to account for the uncertainty of the input parameters. Python
scripts were developed to select a series of input parameters based on a prescribed distribution. The selected
parameters were imported into the DIANA model. The well integrity simulations were run using DIANA and the
results were processed to obtain the failure modes in cement, and the resulting apertures of the microannuli.
The expected annular leakage rate across the caprock was also estimated using a script, explained in the
following section. The input parameters were divided into three categories:




Fixed deterministic parameters: These input parameters are fixed (e.g. casing dimensions and
properties).
Varied deterministic parameters: these parameters are varied between different cases but are the
same for all the simulations in each case (e.g. the CO2 temperature).
Stochastic parameters: These parameters change in each simulation of each case according to the
prescribed distribution (e.g. cement young’s modulus)

Figure 18. The change in probability of cement failure and average aperture of the microannulus with
respect to the number of stochastic simulations. The example represents case 21 for the CO2 well case
study.
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For each case, we ran 1,000 simulations to capture the uncertainty in the stochastic parameters. The number
of simulations was determined using a sensitivity analysis. The likelihood of failure and the average
microannulus aperture were plotted against the number of simulations. The results, shown in Figure 18,
indicated that 1,000 simulations are sufficient to capture the uncertainty at a reasonable CPU time. The outputs
of the numerical simulations are incorporated in a BBN. The advantage of a BBN is its ability to incorporate
diverse data into a statistical model, including uncertain information, which is of particular importance when
dealing with the subsurface, and to perform probability updates when new information becomes available. The
following subsections go into more detail about the geomechanical model, the transport model, and the BBN.
3.2.1.2 LEAKAGE CALCULATIONS
The leakage rate through the caprock was estimated using Eq. 1 (Moghadam et al., 2020). Eq. 1 presents a
generalized form of the cubic law (Witherspoon et al., 1980), suitable for calculating gas leakage through a
microannulus.
𝑚̇ =

𝜌(𝑃, 𝑇) 𝜋𝑅𝑤 𝜕(𝑃 − 𝜌𝑔𝑧)
×
𝜇(𝑃, 𝑇)
6
𝜕𝑧

Eq. 1

𝑚̇ is the mass flow rate of gas, 𝜌 and 𝜇 are gas density and viscosity, 𝑅 is the radius of the microannuli, 𝑤 is
the hydraulic aperture of the microannulus, 𝑃 is the gas pressure, and 𝑧 represents depth. Eq. 1 considers the
impact of gravity, which is significant in case of gas leakage. Other assumptions in Eq. 1 include steady-state
flow, single phase fluid, and laminar flow regime. Gas density and viscosity are strong functions of pressure
and temperature. The Peng-Robinson (1976) equation of state was used for calculating methane
compressibility (used for density calculations) and the measurements by Lee et al. (1966) were used to
estimate methane viscosity. The correlations proposed by Ouyang (2011) were used to calculate the viscosity
and density of supercritical CO2.
3.2.2

CO2 Well Analysis

3.2.2.1 RESULTS
The CO2 injection well selected for this case study is an idealized vertical well (“the P18 well”) located in the
depleted P18-2 gas field near the coast of Rotterdam. The P18-2 gas reservoir is formed in the Buntsandstein
sandstone at a depth of 3,200-3,500 m below sea level. The reservoir is over capped by shale and anhydrite
of the Upper Germanic Trias Group (seal). The wells in the P18-2 gas field were drilled from 1990 and 1997
and producing gas until about 2015.
The model of an idealized P18 well developed in this study is based on a real P18-2 well with an idealized well
loading history. Well geometry, formation properties, and cement- and casing properties are largely based on
a real P18-2 well (Akemu et al., 2011). The loading history, i.e. the pressure and temperature variations of the
fluid inside the well (casing), is idealized and simplified. The idealized simulated history of the P18 well
comprises the following steps: 5 years of gas production, followed by 0.5 years of idle time to covert the well
from gas producer to CO2 injector, and 5 years of steady-state CO2 injection. The simplified well history is kept
the same in all cases and simulations.
The relevant data were collected from published papers and open reports (Arts et al., 2015; Vandeweijer et
al., 2011). The well integrity analysis was conducted at a depth of 3,100 m, which is near the bottom of the
caprock. For CO2 containment in the storage reservoir, it is important that the annular cement maintains its
integrity over the thickness of the seal, preventing crossflow between the reservoir and permeable formations
overlying the seal.
In well integrity analyses we use the fixed deterministic parameters and the probabilistic (i.e. stochastic)
parameters. The fixed deterministic parameters are listed in Table 18. The input data was collected from the
literature and open reports cited above. Missing data were assumed based on typical values available in the
literature.
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Table 13. Fixed deterministic parameters used for the well integrity simulations of the P18 well.
Formation properties

Unit

Value

kg/m3

2,550

Temperature

C

103

Pore pressure

Pa

3.13E+07

Average overburden density

Thermal expansion

1/K

1.00E-05

Thermal conductivity

W/mK

2.3

Volumetric specific heat

J/m3K

2.24E+06

Cohesion

Pa

7.00E+06

Friction angle

rad

0.52E-01

m

3.11E-01

kg/m3

1.30E+03

C

40

Well properties
Borehole diameter
Mud weight
Mud temperature
Test over-pressure at surface

Pa

5.00E+06

Test fluid density

kg/m3

1.30E+03

Shut-in duration

days

10

m

0.2167

Casing Properties
Inner diameter
Outer diameter

m

0.2444

Young's modulus

Pa

2.00E+11

-

0.3

1/K

1.20E-05

Poisson's ratio
Thermal expansion coefficient
Thermal conductivity

W/mK

43

Volumetric Specific heat

J/m3K

3.90E+06

Pa

5.51E+08

kg/m3

1,800

Yield stress
Cement properties
Slurry weight
Thermal expansion coefficient

1/K

1.00E-05

Thermal conductivity

W/mK

1.5

Volumetric Specific heat

J/m3K

1.50E+06

Pa

3.00E+06

Tensile strength

The stochastic parameters are listed in Table 14. These parameters could significantly impact the results of
well integrity analyses. We determined 8 stochastic parameters and used a truncated normal distribution for
each parameter. The range of cement properties were taken from the published values for class G Portland
cement (Yuan, 2012; Boukhelifa, 2005). The volumetric shrinkage values refer to the shrinkage after downhole
cement placement and curing (Reddy et al., 2008; Dusseault, 2000). The tensile bond strength values for well
interfaces were taken from the published data (Wolterbeek et al., 2016). Formation properties and in-situ stress
values were taken from the published reports (Vandeweijer et al., 2011).
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Table 14. The stochastic parameters and their distribution used for the well integrity simulations of the
P18 well.
Stochastic parameters

Distribution type

Mean

Young's Modulus cement (Pa)

Truncated Normal

1.00E+10

Standard
deviation
2.00E+09

Cohesion cement (Pa)

Truncated Normal

1.00E+07

Shrinkage cement (-)

Truncated Normal

6.67E-04

Friction cement (rad)

Truncated Normal

Bond strength casing (Pa)

Truncated Normal

Bond strength formation (Pa)

Truncated Normal

Young's Modulus formation (Pa)
In-situ min. horizontal stress (Pa)

Minimum

Maximum

5.00E+09

1.50E+10

2.00E+06

1.00E+06

1.50E+07

2.22E-04

0

3.30E+03

3.50E-01

2.90E-02

1.70E-01

5.20E-01

1.00E+06

5.00E+05

0

3.00E+06

5.00E+05

2.00E+05

0

3.00E+06

Truncated Normal

2.60E+10

2.60E+09

1.80E+10

3.10E+10

Truncated Normal

-2.94E+07

-1.5E+06

-3.5E+07

-2.5E+07

Further, we additionally varied 3 parameters that determine the properties of cement (listed at the top of Table
14) and one deterministic parameter (the CO2 injection temperature) as outlined in Table 15. These parameters
were chosen considering that there is good level of control by the operators on the cement properties and the
temperature of injected CO2 at downhole conditions. Properties of different cements are still uncertain (e.g.
hard cement vs weak cement), but the averages of cement property values are roughly the same. Therefore,
the values of 3 selected cement property values were varied stochastically in each case around the averages
listed in Table 15.
Table 15. Varied deterministic parameters for the statistical study.
Deterministic
parameters
Unit
Rationale
Option 1
(base case)
Option 2
Option 3

MPa

Cement
shrinkage
MPa

CO2 injection
temperature
°C

Comparing normal
cement vs. damaged
(weak) cement

High cement
shrinkage vs. low
shrinkage

Minimum injection
temperature vs. higher
injection temperature

10

10

0.2

15

15

3

0.5

30

5

-

-

-

Cement stiffness

Cement cohesion

GPa
Comparing normal
cement vs. hard
cement vs. weak
cement

We simulated 24 cases that cover all the combinations of the parameters outlined in Table 15. 1,000 well
integrity simulations were run for each case according to the distributions summarized in Table 14. Table 16
provides an overview of all the simulated cases for the P18 CO2 injection well.
The failure mechanism observed in the simulations is debonding of the annular cement at the casing-cement
interface and the cement-formation interface. The main cause of cement debonding is thermal contraction and
associated stress reduction due to cold CO2 injection. Injection of CO2 at 15 °C causes a casing temperature
change of 88 °C which in turn causes debonding. We recorded the probability of failure [POF] at each interface
and the average aperture of circumferential fracture created by debonding (Table 16). The probability of failure
is however different in the simulated cases.
Figure 19 demonstrates the POF versus the number of runs for case 1. The POF reaches a constant value of
approximately 8% and 95% after 300 to 400 simulations.
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Table 16. List of cases considered for the P18 CO2 injection well case study. 1,000 well integrity
simulations were run for each case incorporating the parameter distributions in Table 14.
POF of
CO2
Cement Cement
Cement
cementinjection
stiffness cohesion shrinkage
casing
temperature
bond
Case
Number
1
(Base)
2

POF of
cementformation
bond

Average
aperture of
cementcasing
debonding

Average
aperture of
cementformation
debonding

GPa

MPa

%

°C

%

%

m

m

10

10

0.2

15

95.2

8.5

4.39E-05

2.68E-06

5

10

0.2

15

63

1.8

1.88E-05

4.15E-07

3

15

10

0.2

15

89.7

23.9

4.55E-05

7.34E-06

4

10

3

0.2

15

86.9

11.4

3.67E-05

2.42E-06

5

10

10

0.5

15

38.4

64.4

1.93E-05

3.62E-05

6

10

10

0.2

30

75.7

8.3

1.30E-05

1.25E-06

7

10

10

0.5

30

23.4

76.7

5.46E-06

2.56E-05

8

10

3

0.5

15

80.5

35.7

6.11E-05

1.37E-05

9

10

3

0.2
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Figure 19. Probability of failure versus the number of simulations for case 1 in the P18 CO2 injection
well case study.
3.2.2.2 DISCUSSION
Figure 20 shows the probability of failure [POF] with respect to cement’s stiffness (Young’s modulus) for all
the cases considered in the P18 CO2 injection well case study. The results indicate a higher POF for stiffer
cement in vast majority of cases.
Generally, debonding can occur at both interfaces. POF at the casing interface is generally higher than at the
formation interface (Figure 20a, b). The highest probability of debonding at the casing interface is obtained for
a low shrinkage, strong cement (64-95%, Figure 20a). The formation interface experiences the highest
debonding probability for a high shrinkage, strong cement (36-77%, Figure 20b). The lowest probability of
failure at both interfaces is observed for a weak, low-stiffness cement and warm CO2 injection.

(a) Casing interface, POF for all cases

(b) Formation interface, POF for all cases
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Figure 20. Probability of failure at (a) the casing interface and (b) the formation interface versus
cement’s stiffness (Young’s modulus). Plots present the results for all cases outlined in Table 16.
Figure 21 compares four cases that differ in cement’s cohesion values (c): a strong cement, defined as a
cement with a cohesion value c=10 MPa, and a weak cement with c=3 MPa.
For the casing interface we can observe:
a) Strong cement – the POF is highest for low shrinkage cement and lower injection temperature (8589%), but decreases considerably for higher CO2 injection temperatures (21-30%, Figure 21a);

32

Copyright © SECURe 2020

b) Weak cement – the POF increases with cement’s stiffness value; the POF is high for strong cement
regardless of other parameters’ values (77-86%, Figure 21b).
For the formation interface:
c) Strong cement – the POF increases for stiffer cements and is much higher for the cold CO2 injection
compared to the warm injection (67-77% versus 18-24%, respectively, Figure 21c);
d) Weak cement – the POF is relatively low (0.5-29%) and increases moderately with cement’s stiffness
(8-46%, Figure 21d).

(a) Casing interface, POF for strong cement

(b) Casing interface, POF for weak cement
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(d) Form. interface, POF for weak cement
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Figure 21. Probability of failure versus cement’s stiffness (Young’s modulus). Plots compare cases
with different cement cohesion values, i.e. strong versus weak cement, at the casing interface (a, b)
and the formation interface (c, d).
Figure 22 compares four cases that differ in cement’s shrinkage value: a high shrinkage cement (0.5%) and a
low shrinkage cement (0.2%).
For the casing interface we observe:
a) Low shrinkage cement – the POF is highest for stiffer cement and cold CO2 injection (83-90%); the
POF for stiffer cements is high regardless of other considered parameters’ values (Figure 22a);
b) High shrinkage cement – we can observe two opposite trends: the POF increases for weak, stiffer
cements and decreases for strong, stiffer cements, regardless of the CO2 injection temperature (Figure
22b).
For the formation interface:
c) Low shrinkage cement – the POF increases moderately for stiffer cements from 0.5% to 8-23%; warm
CO2 injection seems to have small effects on the POF (Figure 22c);
d) High shrinkage cement – the POF increases for stiffer cements; the POF and the increase for stiffer
cements is lower for warm CO2 injection (from 22-29% to 30-46%; Figure 22d).
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(a) Casing interface, POF for low shrink cement

(b) Casing interface, POF for high shrink cement
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Figure 22. Probability of failure versus cement’s stiffness (Young’s modulus). Plots compare cases
with different cement’s shrinkage values, i.e. high versus low shrinkage, at the casing interface (a, b)
and the formation interface (c, d).
The POF shows a direct relationship with aperture sizes (Figure 23). The higher the POF, the larger average
aperture size.

Casing- and form. interface, Aperture size for all cases
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Figure 23. Average aperture size at the casing interface and the formation interface versus probability
of failure for all cases outlined in Table 16.
Average aperture sizes range between 0 and 70 microns at the casing interface and 0 and 40 microns at the
formation interface (Figure 24).
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(a) Casing interface, Aperture size for all cases
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Figure 24. Average aperture size at (a) the casing interface and (b) the formation interface versus
cement’s stiffness (Young’s modulus). Plots present the results for all cases outlined in Table 16.
The relative significance of each parameter on POF is investigated by a multivariable linear regression
analysis. Cement’s stiffness, cohesion, shrinkage, and CO2 injection temperature were taken as the
independent variables. The analysis fits the dependent variable (POF) to a linear function of all the independent
variables, as presented in Eq. 2 for a case with four independent variables.
𝑦 =𝑎 +𝑎 𝑥 +𝑎 𝑥 +𝑎 𝑥 +𝑎 𝑥

Eq. 3

The results of the regression analysis are presented in Table 17. The coefficient of determination was found
to be -0.06 for the casing interface and 0.813 for the formation interface.
The results of a multivariate regression analysis indicate that POF is most sensitive to cement shrinkage, with
a coefficient of 55 and 122 for the casing interface and the cement interface, respectively. This implies that for
each 0.1% increase in shrinkage, POF increases by approximately 5.5% at the casing interface and 12% at
the formation interface. The second most influential parameter is cement stiffness. Each 1 GPa increase in
stiffness raises the POF by 2.5% and 2% at the casing and the formation interface, respectively. The third
influential parameter is cement cohesion. When cement cohesion increases by 1 MPa, POF decreases by
2.5% at the casing interface and increases by 2 % at the formation interface. Increasing CO2 temperature
decreases the POF. However, the CO2 temperature appears not to be the most critical parameter for the
temperature range considered in this study. When the CO2 temperature increases by 1 °C, POF decreases by
1% at the casing interface and 0.25% at the formation interface.
In summary, using soft, low shrinkage cement is the most effective way to reduce POF at the well interfaces,
based on relative influence of the parameters considered in this regression analysis (the parameters are listed
in Table 17).
Table 17: The results of the multivariable linear regression analysis.
Coefficient

Definition/Relationship

Value for
casing interface

Value for formation
interface

a0

Intercept

93.63

-44.70

a1

Cement stiffness

2.54

2.04

a2

Cement cohesion

-2.45

2.23

a3

Cement shrinkage

55.3

122.73

a4

CO2 injection temperature

-1.04

-0.25

R2

Coefficient of determination

-0.06

0.813
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Based on the results of the CO2 injection well case study presented in this section, the following conclusions
can be drawn regarding cement integrity:
3.2.3

The probability of failure increases with cement shrinkage and stiffness and decreases with the CO2
injection temperature.
Cement shrinkage can significantly increase the POF at both the casing interface and the cement
interface. When possible, operators should use cement formulations that lead to no shrinkage or
smallest shrinkage levels practically achievable.
Increase in cement cohesion (strong versus weak cement) decreases the probability of failure at the
casing interface but increases the probability of failure at the formation interface.
An increase in CO2 injection temperature from the minimum temperature of 15 °C considered here to
30 °C, decreases the POF by 1% and 0.25% at the casing interface and the formation interface, for
each degree of temperature increase.
Cement formulations that lead to softer, flexible cement are recommended. Designing the cement
Young’s modulus in new injection wells close to 5 GPa can minimize the POF and accommodate
cement shrinkage.
Probabilistic well integrity analyses are recommended to account for the uncertainty of input
parameters.
Shale Gas Well Analysis

3.2.3.1 RESULTS
The shale gas well selected for this case study was Lubocino-1/2H (L1 and L2H are a vertical and horizontal
well closely located to each other) in northern Poland. The location of the well is shown in Figure 25. L1 was
drilled and completed in 2011 and subsequently abandoned in 2013 due to low production. The horizontal well
has a total vertical depth [TVD] of 2,926 m and a measured depth [MD] of 3,981 m (while the depth of the
vertical well is 3,050 m). The Upper Ordovician (Sasino Fm.) and Lower Silurian (Jantar fm.) are the target
formations which are overlain by the remaining Sylurian formations. The relevant data regarding the production
casing size (7”), the formation properties, and the estimated in-situ stresses were supplied by the Polish
Geological Institute (PGI), while the simulations were performed by TNO.

Figure 25. The location of the shale gas well selected for the case study.
The well integrity analysis was conducted at the depth of 2,850 m at the vertical section of the wellbore. At this
depth the well intersects the Pelplin Formation in the Sylurian. If the annular cement maintains its integrity in
this section, then the gas will not leak upwards along the wellbore into more permeable formations.
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Table 18 lists the fixed deterministic parameters used in all the simulations and cases. Some of this data was
obtained from PGI and the rest were assumed based on typical values available in the literature. We
determined 6 stochastic parameters that could significantly impact the results of the simulations. A truncated
normal distribution was used for each parameter. Table 19 summarizes the stochastic parameters and their
distributions. The range of cement properties in Table 19 were taken from the published values for class G
Portland cement in the literature (Yuan, 2012). The volumetric shrinkage values refer to the shrinkage after
downhole cement placement and curing (Reddy et al., 2008). Formation Young’s modulus and the horizontal
in-situ stresses were determined based on the data from PGI.
Table 18. Fixed deterministic parameters used for the well integrity simulations.
Formation properties
Average overburden density

Unit

Value

kg/m3

2,500

Temperature

C

90

Pore pressure

Pa

2.65E+07

Thermal expansion

1/K

1.00E-05

Thermal conductivity

W/mK

1

Volumetric specific heat

J/m3K

1.70E+06

Cohesion

Pa

3.00E+06

Friction angle

deg

4.50E+01

m

2.16E-01

kg/m3

1.30E+03

Mud temperature

C

40

Fracturing fluid temperature

C

30

days

10

Well properties
Borehole diameter
Mud weight

Shut-in duration
Casing Properties
Inner diameter

m

0.16

Outer diameter

m

0.1778

Young's modulus

Pa

2.00E+11

-

0.3

Poisson's ratio
Thermal expansion coefficient

1/K

1.20E-05

Thermal conductivity

W/mK

43

Volumetric Specific heat

J/m3K

3.90E+06

Pa

5.00E+08

Yield stress
Cement properties
Slurry weight

kg/m3

1,800

1/K

1.00E-05

Thermal conductivity

W/mK

1.5

Volumetric Specific heat

J/m3K

1.50E+06

Pa

3.00E+06

Thermal expansion coefficient

Tensile strength

We varied 4 deterministic parameters as summarized in Table 20. These parameters were chosen considering
there is some level of control by the operators on their values. For example, operators can choose different
cement formulations to get the desired level of shrinkage and mechanical properties. These values will still be
highly uncertain, but the averages can be roughly designed. 3 of the 4 parameters in Table 20 are also treated
stochastically as indicated in Table 19. We changed the average values for these parameters in each case
while keeping a truncated normal distribution for all the simulation runs.
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Table 19. The stochastic parameters and their distribution for the L1 well.
Stochastic parameters

Distribution type

Mean

Young's Modulus cement (Pa)

Truncated Normal

1.00E+10

Standard
deviation
2.00E+09

Cohesion cement (Pa)

Truncated Normal

1.00E+07

Friction cement (deg)

Truncated Normal

2.00E+01

Minimum

Maximum

5.00E+09

1.50E+10

2.00E+06

1.00E+06

1.50E+07

2.00E+00

10.0E+00

3.00+01

Shrinkage cement (%)

Truncated Normal

2.00E-01

6.66E-02

0.00E+00

1.00E+00

Bond strength casing (Pa)

Truncated Normal

2.00E+06

5.00E+05

5.00E+05

3.50E+06

Bond strength formation (Pa)

Truncated Normal

5.00E+05

2.00E+05

0.00E+00

1.50E+06

Young's Modulus formation (Pa)

Truncated Normal

2.37E+10

2.00E+09

1.65E+10

2.85E+10

In-situ horizontal stress (Pa)

Truncated Normal

3.38E+07

1.50E+06

2.88E+07

4.00E+07

Table 20. Varied deterministic parameters for the statistical study.
Deterministic
parameters
Unit
Rationale
Option 1
(base case)
Option 2
Option 3

Cement stiffness

Cement cohesion

Frack pressure

Cement shrinkage

GPa

MPa
Comparing normal
cement and
damaged (weak)
cement

MPa

%

Normal fracturing
pressures vs. high
pressures

High cement
shrinkage vs low
shrinkage

Comparing soft
cement vs. hard
cement
10

10

70

0.2

15

3

77

0.5

5

-

-

-

In order to build the statistical BBN model, we ran 24 cases that cover all the combinations of the deterministic
parameters outlined in Table 20. For each case, 1,000 well integrity simulations were conducted according to
the distributions summarized in Table 19. Table 21 indicates all the cases and the combinations of the
deterministic parameters.
We recorded the plastic strain accumulation and mode of failure for all the simulations in each case. For this
case study, shear failure in cement was the only mode of failure observed. During hydraulic fracturing the
pressure in the casing increases as frack fluid is injected. This increase in casing pressure raises the radial
stress but decreases the stress in the tangential direction. This change can lead to shear failure or radial cracks
depending on whether tangential stresses become tensile or not. We calculated the probability of failure for
each case by dividing the number of simulations that show cement failure by the total number of runs (1,000).
We used the plastic volumetric strain to demonstrate the extent of cement damage. This parameter is the sum
of principal plastic strains. When brittle materials, such as cement, fail, they dilate (Martin and Chandler, 1994).
This is observed as an increase in the material volume or a positive volumetric strain (positive meaning
expansion). This increase in volume is due to the formation of cracks. The plastic volumetric strain is equivalent
to the volume of the generated cracks (Martin and Chandler, 1994). It is however easier to grasp the equivalent
aperture of such crack to understand the intensity of cement damage. We converted the volumetric plastic
strains obtained in the stochastic simulations to fracture volume using Eq. 4.
𝑣

=𝜀

×𝑣

Eq. 4

𝜀 is the plastic volumetric strain recorded at the end of the simulations for cement elements, and 𝑣 is the
volume of failed cement elements. Assuming a unit length for cement (in the out-of-plane direction), the
volume/area of the cement elements can be calculated using the mesh information. The cracks in cement
possibly take the form depicted in Figure 26. This has been experimentally observed by CT scanning wellbore
analogues by Vrålstad et al. (2019).
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Table 21. List of cases considered for the shale gas well case study. 1,000 well integrity simulations
were run for each case incorporating the parameter distributions in Table 19.
Cement
stiffness

Cement
cohesion

Frack
pressure

Cement
shrinkage

Probability of
failure

Average
shear crack
aperture

Case
Number

GPa

MPa

MPa

%

%

m

1 (Base)

10

10

70

0.2

0

0

2

10

3

70

0.2

1.5

2.68E-06

3

15

10

70

0.2

2.2

4.51E-06

4

10

10

77

0.2

0.2

2.09E-07

5

10

10

70

0.5

16.5

1.87E-04

6

15

3

70

0.2

25.5

1.37E-04

7

15

10

77

0.2

6.4

1.35E-05

8

15

10

70

0.5

72.3

2.64E-03

9

10

3

77

0.2

4.6

1.11E-05

10

10

3

70

0.5

54.4

1.63E-03

11

10

10

77

0.5

25

3.58E-04

12

15

3

77

0.2

47.3

3.57E-04

13

15

3

70

0.5

94.3

7.68E-03

14

10

3

77

0.5

63.8

2.45E-03

15

15

10

77

0.5

84.1

3.58E-03

16

15

3

77

0.5

96.7

9.37E-03

17

5

10

70

0.2

0

0.00E+00

18

5

3

70

0.2

0

0.00E+00

19

5

10

77

0.2

0

0.00E+00

20

5

10

70

0.5

0

0.00E+00

21

5

3

77

0.2

0

0.00E+00

22

5

3

70

0.5

0.5

8.45E-07

23

5

10

77

0.5

0

0.00E+00

24

5

3

77

0.5

1.5

2.63E-06
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Figure 26. Schematic of cement cracks in the wellbore.
We assumed that the crack volume presents itself as a few cracks extending from the casing to the formation.
Therefore, the length of the cracks is equal to the difference between the radius of the wellbore and the outer
radius of the casing. We can use Eq. 5 to estimate the expected total aperture of cement cracks based on the
crack volume calculated using well integrity simulations.
𝑣
𝑤 =
Eq. 5
𝑟 −𝑟
𝑤 is the total aperture, assuming the entire crack volume appearing as one fracture extending from the casing
to the formation. This parameter could be an indicator of the extent of damage in cement. However, it can’t be
used for fluid flow calculations, since in reality more than one crack will appear in cement after failure (Vrålstad
et al., 2019). Since fluid flow is proportional to the aperture to the power of three, dividing up the total aperture
into a number of smaller cracks yields different flow results. The realistic case of a few smaller cracks will result
in smaller leakage rates than one crack with a large aperture (𝑤 ). To take this factor into account, we derived
the following relationship, presented as Eq. 6.
𝑤
𝑤 =
Eq. 6
𝑛
𝑛 is the number of cracks in cement as depicted in Figure 26. For simplicity, we assumed that all the cracks
have equal apertures. 𝑤 is the aperture of a single crack that is equivalent to 𝑛 smaller cracks in terms of
fluid flow. Therefore, 𝑤 can be used to estimate fluid leakage assuming a crack extending from the casing to
the formation. We used 𝑤 values for the BBN analysis, since 𝑤 can both represent cement damage and
be used for fluid leakage calculations. The average 𝑤 value for each case is also reported in Table 21. We
assumed an average of 4 cracks for damaged cement based on experimental observations in the literature
(Vrålstad et al., 2019).
Figure 27 demonstrates the probability of failure [POF] versus the number of runs for case 15. The POF
reaches a constant value of approximately 84.1% after 600 to 700 runs. The POF for all cases are reported in
Table 21. The base case (case 1) does not show cement failure in any of the simulations. Weaker cement (low
cohesion), stiffer cement (high Young’s modulus), higher frack pressure, and high shrinkage cement increase
the likelihood of failure. Case 16 indicates the worst-case scenario with the POF of 96.7%. Using softer cement
(Young’s modulus of 5 GPa) in cases 17 to 24, decreased the POF significantly.

40

Copyright © SECURe 2020

Figure 27. Probability of failure versus the number of simulations for case 15 in the shale gas well case
study.
3.2.3.2 DISCUSSION
Figure 28 exhibits the probability of failure [POF] using the probabilistic geomechanical simulations for all the
cases, in the shale gas well case-study. Figure 28a summarizes the POF for all cases with respect to cement’s
stiffness (Young’s modulus). The results indicate a higher POF for stiffer cement. Other parameters impact the
POF significantly but if cement stiffness is close to 5 GPa, the POF will be close to zero regardless of other
parameters considered here. Figure 28b compares six cases to demonstrate the impact of cement shrinkage
on POF. Case 12 has a shrinkage of 0.2% while in case 16 cement shrinks by 0.5%. The rest of the parameters
are identical for both cases. The results show that cement shrinkage can significantly increase the POF, in this
case from 47.3% to 96.7% at cement stiffness of 15 GPa. At lower cement stiffness of 10 GPa, POF in case 9
increases from 4.6% to 63.8% in case 14 due to higher shrinkage. At cement stiffness of 5 GPa, the impact of
shrinkage is minimized. Volumetric shrinkage can significantly relax the compressive stresses in cement,
making it more likely to fail. Figure 28c compares cases that only differ in frack pressure. Higher frack pressure
in case 15 compared to case 8 increases the POF from 72.3% to 82.12% at high cement stiffness. Higher
frack pressures generally increase the POF but the impact is significantly more muted compared to the cement
shrinkage. Figure 28d compares cases with different cement cohesion values. Higher cohesion lowers the
likelihood of failure. Cohesion increases the strength of cement, therefore decreases the POF.
To investigate the relative significance of each parameter on POF, we conducted a multivariable linear
regression analysis. We used an open source python package for this analysis. Cement’s stiffness, frack
pressure, shrinkage, and cohesion were taken as the independent variables while POF was selected as the
dependent variable. The analysis fits the dependent variable to a linear function of all the independent
variables, as presented in Eq. 7 for a case with four independent variables.
𝑦 =𝑎 +𝑎 𝑥 +𝑎 𝑥 +𝑎 𝑥 +𝑎 𝑥

Eq. 7

The results of the regression analysis are presented in Table 22. The coefficient of determination was found
to be 0.693. The results indicate that POF is most sensitive to cement shrinkage with a coefficient of 117.06.
This means for each 0.1% increase in shrinkage POF increases by approximately 11.7%. The second most
influential parameter is cement stiffness. Each 1 GPa increase in stiffness raises the POF by 5.34%. When
cement cohesion increases by 1 MPa, POF decreases by 2.18%. As expected, frack pressure is the least
influential parameter. A 1 MPa increase in frack pressure raises the POF by 0.74%. It should be noted that the
relative influence reported in this regression analysis is for the units specified in Table 21.
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Figure 28. Probability of failure versus cement’s stiffness (Young’s modulus). Plot (a) presents the
results for all cases outlined in Table 21. Plot (b) compares cases that have similar parameters except
shrinkage. Plot (c) compares cases that only differ in terms of frack pressure. Plot (d) compares cases
with different cement cohesion values.
Table 22: The results of the multivariable linear regression analysis.
Coefficient

Definition/Relationship

Value

a0

Intercept

-109.86

a1

Cement stiffness

5.34

a2

Cement cohesion

-2.18

a3

Frack pressure

0.74

a4

Cement shrinkage

117.06

R2

Coefficient of determination

0.693

Based on the results of the shale gas well case study presented here, the following conclusions can be drawn
regarding cement integrity after hydraulic fracturing:
-

The probability of failure increases with cement stiffness, shrinkage, and frack pressure while
decreases with cement strength (i.e. cohesion).

42

Copyright © SECURe 2020

3.2.4

Cement shrinkage can significantly increase the POF. When possible, operators should use cement
formulations that lead to smallest shrinkage level possible.
Using cement formulations that lead to softer cement is recommended. Designing the cement Young’s
modulus close to 5 GPa can minimize the POF even for a shrinking cement. It is more important to
use a softer cement (lower stiffness) than a stronger cement (higher cohesion).
An increase in frack pressure (in this case a 10% increase) only slightly raises the POF.
Probabilistic simulations are recommended for well integrity analyses, in order to account for the
uncertainty of input parameters.
Bayesian Belief Network

3.2.4.1 METHODOLOGY
An additional manner in which the results can be interpreted are in the framework of a BBN. Similar to the
multivariate linear regression performed, this method can be used to indicate the relative risks when assessing
a particular well. The process begins with designing the network to properly reflect the relationships between
the different deterministic variables run in the geomechanical simulations (Figure 29), which was done for both
the shale gas well and the CO2 injection well in the BBN software Hugin1. This design is dependent on the
cases run in the geomechanical model, where pink nodes in the network are deterministic parameters of
particular interest which the operator could have influence on, and yellow nodes are the result from the
geomechanical model.

Figure 29. BBN for the shale gas well, showing the relationships (arrows) between the deterministic
parameters (pink boxes) and the output variable (yellow oval).
Behind each of the nodes are specific values they could take, called states. The states for the deterministic
variables can be seen in Table 20, labelled as “options”, and were chosen as realistic options that could be
varied by an operator. For the response variable, the states were made to span a range that would capture
the extent of the debonding (Table 23).
Table 23. States for the shear cracking variable from the shale gas well.
Shear cracking
State 1

0 mm

State 2

0 – 2.5 mm

State 3

2.5 – 5 mm

State 4

> 5 mm

The information behind the BBN is structured in a table called a conditional probability table [CPT], which
arranges data based on all combinations of every possible state. There is one of these tables behind each
node in the network. A portion of a CPT is shown in Table 24, which shows the deterministic variable states in
the top 4 rows, and the response variable states in the first column of the bottom 4 rows. As shown in the
previous sections, there are 24 cases, and thus 24 columns form this particular CPT for the shale gas well. To
1

https://www.hugin.com/
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fill the table, the frequency of occurrence for the combination of states is counted, and then these columns are
normalised. For example, in the left scenario shown in the CPT, the geomechanical model had run a series of
simulations with low cement shrinkage (0.2%), normal fracturing pressure (70 MPa), weak cement cohesion
(3 MPa), and a soft cement (5 GPa) and calculated no debonding for all runs. Thus, there is a 1 listed in the 0
mm state, and then a 0 for the remaining states. For the initial setup of the deterministic nodes, the CPTs are
filled in with the same value for all states and then normalised, showing an equally probabilistic chance of each
of the states.
Once the data is pre-processed and saved in these CPTs, the BBN can be compiled, where the program Hugin
quickly calculates the conditional probabilities between each the nodes.
Table 24. Sample segment of a conditional probability table, where frequency of occurrence for each
of the criteria are recorded. The colours correspond to the colours in the BBN.
Cement
shrinkage

Low (0.2%)

Fracturing
pressure

Normal (70 MPa)

Shear cracking

Cement
cohesion

Weak (3 MPa)

Normal (10 MPa)

Cement
stiffness

Soft
(5 GPa)

Average
(10 GPa)

Hard
(15 GPa)

Soft
(5 GPa)

Average
(10 GPa)

Hard
(15 GPa)

0 mm (no
cracking)

1

0.9862

0.7458

1

1

0.9780

0 < x <=
2.5 mm

0

0.0134

0.2403

0

0

0.0220

2.5 mm <
x <= 5 mm

0

0.0002

0.0125

0

0

0

x > 5 mm

0

0.0002

0.0014

0

0

0

3.2.4.2 RESULTS
As previously stated, a BBN was developed for both modelled wells: the Lubocino-1 shale gas well in Poland,
and the idealized P18 CO2 well in the Dutch offshore, as described by Brunner et al. (2018).
Shale Gas Well
The BBN for the shale gas well (Figure 30) consists of 4 pink input nodes, representing the deterministic
parameters used in the geomechanical simulations, and 1 yellow output node, representing the average shear
crack aperture. The specific states for the input nodes are outlined in Table 20, while the possible states for
the output node are listed in Table 25.
From this initial stage for the shale gas well shown in Figure 30, the user can view the network probabilities
from a base perspective, assuming no information on the deterministic parameters (e.g. the pink nodes). The
probability of the possible states for shear crack aperture, without any knowledge about the deterministic
parameters, are shown in Table 26.
The more the user knows about the scenario’s deterministic parameters, the more they can inform the model
and update the output probabilities (in this case, the shear cracking). This is shown in Figure 31 and Figure
32, where the additional knowledge of fracture pressure is provided, and Figure 33, where additional
knowledge of cement stiffness, cement cohesion, fracturing pressure, and cement shrinkage is provided.
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Figure 30. Compiled BBN for the shale gas well given no additional information on the states of the
pink nodes. The pink nodes influence the values of the yellow output node.
Table 25. Possible states for the shear cracking node in the shale gas BBN.
Shear cracking
State 1

No shear cracking

State 2

0 mm < shear cracking aperture ≤ 2.5 mm

State 3

2.5 mm < shear cracking aperture ≤ 5 mm

State 4

Shear cracking aperture > 5 mm

Table 26. Base BBN probabilities for the shear cracking of the shale gas well.
States

Shear cracking

No shear cracking

75.13%

0 < shear cracking ≤ 2.5 mm

12.82%

2.5 < shear cracking ≤ 5 mm

3.81%

Shear cracking > 5 mm

8.24%

Figure 31. Shale gas BBN with the knowledge provided of the higher fracturing pressure (of 77 MPa).
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Figure 32. Shale gas BBN with the knowledge provided of the normal fracturing pressure (of 70 MPa).
The value of BBN implementation can be seen when comparing the resultant probabilities from Figure 31 and
Figure 32, where there is an obvious shift in risk when selecting certain parameter states, such as the shift
from a 72.50% chance of no shear cracking (when using a higher fracturing pressure of 77 MPa) to a 77.76%
chance of no shear cracking (when using the normal fracturing pressure of 70 MPa). Using other cement
parameters can offset the impact from using a high fracturing pressure, as can be seen in the shifted lower
risk of shear cracking in Figure 33.

Figure 33. Shale gas BBN with the knowledge of all deterministic parameters provided (cement
stiffness, cement cohesion, fracturing pressure, and cement shrinkage).
Shale Gas Well Parameter Sensitivity
The following tables (Table 27 – Table 30) show the sensitivity of each parameter (cement stiffness, cement
cohesion, fracturing pressure, and cement shrinkage) on the shear cracking in the shale gas well, with all other
parameters held the same.
Table 27. Cement stiffness sensitivity on shear cracking, with other parameters left uncertain.
Cement stiffness:

Soft (5 GPa)

Normal (10 GPa)

Hard (15 GPa)

No shear cracking

99.74%

79.27%

46.38%

0 < shear cracking ≤ 2.5 mm

0.25%

13.49%

24.72%

2.5 < shear cracking ≤ 5 mm

0.00833%

3.26%

8.17%

0.00%

3.99%

20.73%

Shear cracking > 5 mm
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Table 28. Cement cohesion sensitivity on shear cracking, with other parameters left uncertain.
Cement cohesion:

Weak (3 MPa)

Normal (10 MPa)

No shear cracking

67.47%

82.79%

0 < shear cracking ≤ 2.5 mm

15.06%

10.58%

2.5 < shear cracking ≤ 5 mm

4.98%

2.64%

Shear cracking > 5 mm

12.49%

3.98%

Table 29. Cement shrinkage sensitivity on shear cracking, with other parameters left uncertain.
Cement shrinkage:

Low (0.2%)

High (0.5%)

No shear cracking

92.72%

57.54%

0 < shear cracking ≤ 2.5 mm

6.75%

18.90%

2.5 < shear cracking ≤ 5 mm

0.47%

7.16%

Shear cracking > 5 mm

0.07%

16.41%

Table 30. Fracturing pressure sensitivity on shear cracking, with other parameters left uncertain.
Fracturing pressure:

Normal (70 MPa)

High (77 MPa)

No shear cracking

77.76%

72.50%

0 < shear cracking ≤ 2.5 mm

11.53%

14.11%

2.5 < shear cracking ≤ 5 mm

3.38%

4.24%

Shear cracking > 5 mm

7.34%

9.14%

CO2 Well
Turning to the P18 CO2 well, the BBN (see Figure 34) contains 4 pink input nodes, which again represent the
deterministic parameters used in the geomechanical simulations, and 3 yellow output nodes, 2 of which
represent the resultant debonding, while the third represents leakage at the top of the caprock. The states for
the input nodes can be found in Table 15, and a list of the output nodes and their states can be found in Table
31.

Figure 34. Compiled BBN for the CO2 well given no additional information on the states of the pink
nodes. The pink nodes influence the values of the yellow output nodes.
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The probabilities for the base scenario, where no additional information is provided for the deterministic (pink)
nodes, can be seen in Table 32.
Again, the variation of a single parameter can be seen in Figure 35 and Figure 36 for the CO2 well BBN, where
CO2 temperature is changed between a standard temperature of 15 °C and a temperature that has been
warmed up to 30 °C. The resulting risk of debonding and leakage are also shown in the BBNs, which shift
toward decreased risk when warming up the CO2. An example of the CO2 well BBN with full knowledge of the
deterministic parameters is shown in Figure 37.
Table 31. Possible states for the debonding and leakage nodes in the CO2 well BBN.
Debonding between the
formation and cement

Debonding between the
casing and cement

Leakage through the debonded
microannulus in the caprock

State 1

No debonding

No debonding

No leakage

State 2

0 μm < debonding ≤ 2.5 μm

0 μm < debonding ≤ 2.5 μm

0 kg/y < leakage ≤ 1,000 kg/y

State 3

2.5 μm < debonding ≤ 5 μm

2.5 μm < debonding ≤ 5 μm

1,000 kg/y < leakage ≤ 10,000
kg/y

State 4

Debonding > 5 μm

Debonding > 5 μm

Leakage > 10,000 kg/y

Table 32. Base BBN probabilities for the debonding and the caprock leakage of the CO2 well.
Debonding
between the
formation and
cement

Debonding
between the
casing and
cement

No debonding

41.76%

0 < debonding ≤ 2.5 μm

States

Caprock
leakage

10.48%

No leakage

17.85%

28.96%

26.27%

0 < leakage ≤ 1,000 kg

46.64%

2.5 < debonding ≤ 5 μm

1.44%

1.62%

1,000 < leakage ≤ 10,000 kg

33.50%

Debonding > 5 μm

27.84%

61.63%

Leakage > 10,000 kg

2.01%

States

Figure 35. CO2 well BBN with the knowledge provided of a cooler CO2 injection temperature (15 °C).
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Figure 36. CO2 well BBN with the knowledge provided of a warmer CO2 injection temperature (30 °C).

Figure 37. CO2 well BBN with the knowledge of all deterministic parameters provided (cement stiffness,
cement cohesion, CO2 injection temperature, and cement shrinkage).
CO2 Well Parameter Sensitivity
The following tables (Table 33 – Table 36) show the sensitivity of each parameter (cement stiffness, cement
cohesion, CO2 injection temperature, and cement shrinkage) on the shear cracking in the shale gas well, with
all other parameters held the same.
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Table 33. Cement stiffness sensitivity on debonding and leakage, with other parameters left uncertain.
Cement stiffness: Soft (5 GPa)
Formation
debonding

Casing
debonding

States

Caprock
leakage

No debonding

64.87%

25.38%

No leakage

43.22%

0 < debonding ≤ 2.5 μm

18.18%

31.16%

0 < leakage ≤ 1,000 kg

41.60%

2.5 < debonding ≤ 5 μm

0.72%

2.27%

1,000 < leakage ≤ 10,000 kg

14.97%

Debonding > 5 μm

16.22%

41.19%

Leakage > 10,000 kg

0.21%

States

Cement stiffness: Average (10 GPa)
Formation
debonding

Casing
debonding

No debonding

37.30%

3.10%

No leakage

7.46%

0 < debonding ≤ 2.5 μm

32.07%

25.17%

0 < leakage ≤ 1,000 kg

52.06%

2.5 < debonding ≤ 5 μm

1.55%

1.58%

1,000 < leakage ≤ 10,000 kg

38.57%

Debonding > 5 μm

29.08%

70.16%

Leakage > 10,000 kg

1.91%

States

Caprock
leakage

States

Cement stiffness: Hard (15 GPa)
Formation
debonding

Casing
debonding

No debonding

23.10%

2.98%

No leakage

2.86%

0 < debonding ≤ 2.5 μm

36.62%

22.49%

0 < leakage ≤ 1,000 kg

46.25%

2.5 < debonding ≤ 5 μm

2.05%

0.99%

1,000 < leakage ≤ 10,000 kg

46.97%

Debonding > 5 μm

38.23%

73.54%

Leakage > 10,000 kg

3.93%

States

Caprock
leakage

States

Table 34. Cement cohesion sensitivity on debonding and leakage, with other parameters left uncertain.
Cement cohesion: Weak (3 MPa)
Formation
debonding

Casing
debonding

No debonding

41.86%

9.09%

No leakage

19.26%

0 < debonding ≤ 2.5 μm

37.40%

18.13%

0 < leakage ≤ 1,000 kg

42.94%

2.5 < debonding ≤ 5 μm

1.36%

1.82%

1,000 < leakage ≤ 10,000 kg

34.50%

Debonding > 5 μm

19.37%

70.96%

Leakage > 10,000 kg

3.29%

States

Caprock
leakage

States

Cement cohesion: Normal (10 MPa)
Formation
debonding

Casing
debonding

States

Caprock
leakage

No debonding

41.66%

11.88%

No leakage

16.44%

0 < debonding ≤ 2.5 μm

20.51%

34.41%

0 < leakage ≤ 1,000 kg

50.33%

2.5 < debonding ≤ 5 μm

1.52%

1.41%

1,000 < leakage ≤ 10,000 kg

32.50%

Debonding > 5 μm

36.32%

52.30%

Leakage > 10,000 kg

0.73%

States
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Table 35. CO2 injection temperature sensitivity on debonding and leakage, with other parameters left
uncertain.
CO2 injection temperature: 15 °C
Formation
debonding

Casing
debonding

No debonding

37.94%

6.65%

No leakage

9.90%

0 < debonding ≤ 2.5 μm

29.86%

20.42%

0 < leakage ≤ 1,000 kg

34.58%

2.5 < debonding ≤ 5 μm

1.49%

0.93%

1,000 < leakage ≤ 10,000 kg

51.69%

Debonding > 5 μm

30.71%

72.00%

Leakage > 10,000 kg

3.83%

States

Caprock
leakage

States

CO2 injection temperature: 30 °C
Formation
debonding

Casing
debonding

States

Caprock
leakage

No debonding

45.58%

14.32%

No leakage

25.80%

0 < debonding ≤ 2.5 μm

28.05%

32.12%

0 < leakage ≤ 1,000 kg

58.69%

2.5 < debonding ≤ 5 μm

1.39%

2.30%

1,000 < leakage ≤ 10,000 kg

15.31%

Debonding > 5 μm

24.98%

51.26%

Leakage > 10,000 kg

0.20%

States

Table 36. Cement shrinkage sensitivity on debonding and leakage, with other parameters left
uncertain.
Cement shrinkage: Low (0.2%)
Formation
debonding

Casing
debonding

States

Caprock
leakage

No debonding

69.15%

13.02%

No leakage

26.13%

0 < debonding ≤ 2.5 μm

22.05%

17.63%

0 < leakage ≤ 1,000 kg

54.38%

2.5 < debonding ≤ 5 μm

0.92%

2.31%

1,000 < leakage ≤ 10,000 kg

19.48%

Debonding > 5 μm

7.87%

67.04%

Leakage > 10,000 kg

States

8.64E-3%

Cement shrinkage: High (0.5%)
Formation
debonding

Casing
debonding

No debonding

14.37%

7.95%

No leakage

9.57%

0 < debonding ≤ 2.5 μm

35.86%

34.91%

0 < leakage ≤ 1,000 kg

38.89%

2.5 < debonding ≤ 5 μm

1.95%

0.92%

1,000 < leakage ≤ 10,000 kg

47.52%

Debonding > 5 μm

47.82%

56.22%

Leakage > 10,000 kg

4.02%

States

Caprock
leakage

States

3.2.4.3 DISCUSSION
The simulations enable the development of a user-friendly BBN, since the operator can adjust the parameters
to see how it will impact the risk of microannulus formation. When looking at the BBNs from a parameter
perspective, a comparison can be made between which variables have the most impact on the response
variable (either shear cracking for the shale gas well, or debonding and leakage for the CO2 well). First looking
at the shale gas well, the largest risk reduction measure is to vary the stiffness of the cement, which could shift
the likelihood of any shear cracking from 53.62% with a stiffness of 15 GPa to 0.26% with a stiffness of 3 GPa
(keeping all other deterministic parameters uncertain). The next parameter with the most risk-reducing
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capability is the cement shrinkage, which could reduce the likelihood of any shear cracking from 42.47% with
a high shrinkage of 0.5% to 7.29% with a low shrinkage of 0.2% (again, keeping all other deterministic
parameters as uncertain). Also, interesting to note is that reducing the fracturing pressure from a high pressure
of 77 MPa to a normal pressure of 70 MPa results in a limited risk reduction, only taking the probability of any
shear cracking from 27.49% to 22.25%.
Looking at the CO2 well case, there are slight variations in impact of the deterministic parameters on the
debonding and the caprock leakage. Overall, there is a higher likelihood of debonding at the casing-cement
interface than the formation-cement interface: the average likelihood of debonding for the above sensitivity
study was 86.31% for the casing-cement interface and 58.24% for the formation-cement interface. Despite this
lower probability of leakage, the formation-cement debonding fluctuates more in response to varying the
deterministic parameters than the casing-cement debonding, with an average risk reduction of 22.55% for the
formation-cement debonding and 9.45% for the casing-cement debonding. The parameter that reduces the
risk the most for the formation-cement debonding is the cement shrinkage, which varies the likelihood of
leakage from 85.63% with high shrinkage (0.5%) to 30.84% with low shrinkage (0.2%). This reduction is much
smaller for the casing-cement debonding, which has a likelihood of 92.05% and 86.98%, respectively. The
largest risk reducer for the casing-cement debonding is adjusting the cement stiffness, which changes the
likelihood from 97.02% (with hard cement of 15 GPa) to 74.62% (with soft cement of 3 GPa). Similarly, the
cement stiffness is the deterministic parameter with the largest risk reduction potential for the caprock leakage,
which reduces the probability from 97.15% with hard cement to 56.78% with soft cement. The deterministic
parameter with the least impact on the formation-cement debonding, casing-cement debonding, and the
caprock leakage was the cement cohesion, which had a risk reduction of 0.2%, 2.79%, and 2.82%,
respectively.
Despite the limited number of states used, general insights can be gathered on the impact of various
parameters on the response variables of shear cracking, formation-cement debonding, casing-cement
debonding, and caprock leakage. Further analysis could be done on increasing the number of states, which
might be particularly interesting if more states for CO2 injection temperatures are modelled for the CO2 well,
as well as additional fracking pressures for the shale gas well. What would also be useful is the standardization
of CO2 leakage risk, as the ranges developed are arbitrary based on the relative range of the data.
From the compiled states, the advantage of the BBN on the modelled simulations becomes clear, as the user
can add additional data to inform the probability of the response variable. The user can adjust certain states
for the deterministic variables to assess the impact of these parameters on the response variable. The
probabilities will still be calculated if some of these parameters are unknown, which lessens the restrictions on
this type of analysis. The applicability of the BBN is also apparent, as it can be used as a decision-making tool
when deciding which parameters to adjust and the resulting risks the operator is willing to take on.
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4 Fault and Fracture Behaviour
4.1

FAULT AND FRACTURE PERMEABILITY

The viability of current and future CCS projects relies not only upon the efficiency of fluid transport within
geological formations, but also on the ability of these formations to effectively contain fluids over years to
millennia (Busch and Kampman, 2018). Geological caprocks form the principal sealing system and ultimately
dictate the efficacy of subsurface storage projects. Prediction of caprock integrity requires a comprehensive
understanding of the geomechanical and geochemical properties of these rocks (Bildstein et al., 2010), where
fluid-conductive fault and fracture systems represent the primary threat to caprock integrity.
Effective caprocks comprise undisturbed low-permeability, thick, and laterally extensive formations (AmannHildenbrand et al., 2013), with high capillary entry or breakthrough pressures to prevent the leakage of injected
fluids (Wollenweber et al., 2009). Furthermore, for the storage process to be successful, the caprock must
withstand short-term excess injection and long-term buoyancy-driven pressures (Espinoza and Santamarina,
2017). In principle, any low-permeability rock may act as a caprock, with evaporites (e.g. halite and anhydrite)
and mudrocks representing the most prolific lithologies securing geological stores (Busch and AmannHildenbrand, 2013). Mudrocks comprise very-fine-grained clastic sediments, including shales, siltstones,
mudstones, claystones and argillites. Their effectiveness as caprocks is owing to their low matrix permeabilities
(<10-19 m2) resulting from largely disconnected nano-pores that constitute a majority percentage of the
cumulative porosity (Amann-Hildenbrand et al., 2012).
Faults and fracture systems represent a significant threat to the integrity of these seals, as they form potentially
permeable conduits through which fluids can escape (Bond et al., 2013). These include naturally occurring
faults and fractures arising from tectonic deformation, uplift and unloading, and induced fractures resulting
from extraction or injection of fluids (e.g. hydraulic fractures) (Bond et al., 2013). Conversely, some faults and
fractures may decrease permeability, producing baffles or barriers, which compartmentalize reservoirs and
reduce production or storage volumes (McGinnis et al., 2017). Even in highly permeable fractures (>10-10 m2),
localized anisotropic flow properties arising from mode of displacement, effective stress and surface roughness
can lead to heterogeneous front distribution in gas storage operations (Oh et al., 2013). Understanding the
distribution and architecture of these geological features and their transport, geomechanical and geochemical
properties is critical for accurate assessments of storage security.
We here developed a workflow to assess the overall fault permeability by combining analysis of fault fracture
networks, their relationship to the tectonic stress directions, connectivity and density with fracture permeability
measurements determined as a function of effective stress. This information serves as input for
hydromechanical fault modelling using the MATLAB® Reservoir Simulation Toolbox [MRST], developed by
SINTEF as an open source platform. We here discuss the workflow based on a specific case study which
relates to the Main Fault of the Mont Terri Underground Laboratory in Switzerland. This lab is currently used
testing the feasibility of radioactive waste storage in Opalinus shale.
4.1.1

Laboratory Measurements to Determine Single Fracture Flow Properties

In order to record fracture permeability values, we have updated a custom-designed triaxial permeameter and
several permeability tests have been conducted on it successfully (Figure 38). The mass flow controller [MFC]
has a range that allows measuring samples with permeabilities between ~10E-15 – 10E-18 m2. This is
adequate for the samples we wish to test. When using an MFC to measure the permeability, this is termed a
steady state experiment and requires a steady flow of a working fluid (in our case nitrogen) being passed
through the sample and subsequently the MFC to measure the flow rate. The flow rate is then used to calculate
the permeability of the sample. Such steady-state measurements are considered ideal for fracture flow
permeability measurement. The permeameter has been designed in a way that for samples with lower
permeabilities, we can switch to an unsteady-state method. Unsteady-state experiments rely on a closed
system where volumes of known volume are connected on either side of the sample. One of the volumes
(upstream volume) will be filled with the working fluid and the pressure is recorded over time. The working fluid
will then flow from the upstream volume through the sample to the downstream volume (by passing the sample)
until the pressure in both volumes has equilibrated. This typically takes from hours to days, depending on
sample permeability. The pressure difference between the two volumes throughout the experiment is then
used to calculate the permeability of the sample (this is described in more detail below). It is also possible to
run an unsteady-state experiment if both chambers contain the working fluid, as long as there is a pressure
difference between them.
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The setup allows for both 25.4 mm (1”) and 38.1 mm (1.5”) diameter samples to be tested, at lengths between
~5 mm and ~80 mm. The whole set up is placed within an oven, which allows experiments to be run at
temperature from ambient conditions up to 70 °C. Measurement conditions are isotropic confining pressures
up to 350 bar and fluid pressures up to 200 bar. These temperature, stress and fluid pressure conditions are
adequate to represent subsurface conditions down to about 1,500 m. Theoretically, the samples can be tested
at different effective stress conditions with varying pore pressure and temperature, reflecting the different
reservoir conditions.

Figure 38. Isotropic permeameter allowing for 1- and 1.5-inch sample plug diameter and stresses,
pressures and temperatures up to 350 bar, 200 bar and 70 °C.
4.1.1.1 EXPERIMENTAL RESULTS
We have used the steady-state method to measure gas permeability (K) of several fractured samples obtained
from various locations worldwide, using various effective stress conditions:
𝑘=
Where 𝑄 =

̇

𝑄∙𝜇∙𝑙
𝐴 ∙ ∆𝑃

Eq. 8

is the volume flow rate obtained from the mass flow rate 𝑚̇ [g/h] of the MFC and the gas density

[kg/m3], µ is the gas viscosity [Pa*s], l is sample length [m], A is the cross sectional are of the sample plug [m]
and P is the pressure differential across the sample [Pa]. Various confining pressures have been used during
the tests which simulate different reservoir depths from shallow to deep.
4.1.2

Fault and Fracture Network Permeability

4.1.2.1 A. FAULTS AND FRACTURES FROM THE MONT TERRI ROCK LABORATORY
We studied an intra-Opalinus Clay fault zone that crops out within the Mont Terri Rock Laboratory [MTRL] in
NW-Switzerland (Figure 39). This rock formation has been selected by the Swiss authorities to host high-risk
radioactive wastes. However, the mechanical and physical properties of the Opalinus Clay [OC] are ideal for
experimenting CO2 storage (Bossart et al., 2017). Beside the inherent properties of the Opalinus Clay (e.g.,
low permeability), the presence of fault and fractures are important elements influencing the ability of a rock
formation to work as an effective seal for CO2 storage.
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The MTRL is located ~300 metres underground in the southern limb of the Mont Terri anticline (Switzerland).
The OC can be divided into (i) a shaly facies; (ii) a sandy facies; and (iii) a carbonate-rich sandy facies (Blaesi
et al., 1996). Bedding dips SSE between 50° in the southern part and 30° in the northern part (Jaeggi et al.,
2018). The anticline which formed in the Late Miocene and Pliocene has been interpreted as a fault-bend fold
developed above a frontal ramp and features an overturned forelimb (Jaeggi et al., 2018). This forelimb is
affected by a complex pattern of thrust faults, extensional faults and strike-slip faults (Nussbaum et al., 2011).
The most prominent tectonic feature of the MTRL is the so-called Main Fault, a thrust fault located in the shaly
faces of the OC with shear movement towards NNW (Blaesi et al., 1996; Jaeggi et al., 2018). The Main Fault
[MF] crosses two galleries of the MTRL, Ga08 and Ga98, perpendicularly (Figure 39). These two galleries are
trending SSE-NNW and are oriented approximately perpendicular to the fold axis and strike bedding. The
thickness of the MF fault zone varies laterally between 1 and 4.5 metres.

Figure 39. Plan view of the Mont Terri Rock Laboratory with locations of the two investigated outcrops,
Gallery 08 and 98, modified after Jaeggi et al. (2018).
4.1.2.2 B. DETERMINE FRACTURE NETWORKS IN CAPROCK/SHALE GAS RESERVOIR ANALOGUES FROM OUTCROPS
USING FRACPAQ.
To obtain information on fault and fracture attributes (i.e., length, orientation) and on their mutual geometrical
relationships (i.e., density and connectivity) we used a freely available MATLAB software package called
FracPaQ (Healy et al., 2017). FracPaQ was designed to generate quantitative fracture pattern data, with user
control over the outputs (Healy et al., 2017). FracPaQ can quantify the length, orientation, connectivity,
intensity and density of any 2D fracture pattern (Figure 40).
This software comprises a suite of tools that allow to consistently quantify fracture patterns and their variations
in two-dimensions (2D). Fracture maps were produced by manually tracing all the fracture visible on the Mont
Terri Gallery Windows, using the software Adobe Illustrator®. Although time-consuming and potentially
susceptible to some subjectivity (Andrews et al., 2019), manual tracing allows the expert user to discern and
identify specific features (e.g., discriminating fractures from artefacts) which can be difficult to distinguish by
an automated analysis (Griffiths et al., 2017; Rizzo et al., 2018).
Once the fracture trace map is created – and saved as a Scalable Vector Graphics [SVG] file – it is imported
into FracPaQ. The software reads the SVG file extracting the x-y coordinates of each fracture trace. The
quantification of lengths and orientations is then reduced to simple operation in coordinate geometry (Healy et
al., 2017). In FracPaQ, a fracture trace is defined as a continuous line composed of one or more straight
segments. The software assumes that fracture orientations (i.e. their strike) are measured clockwise for the
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positive Y-axis. From these inputs FracPaQ generates several diagrams (e.g., colour-coded maps for fracture
and segment lengths) and plots (e.g. orientation distribution, histogram of lengths) which help to visualise areal
distribution of fracture attributes in a rock mass (Figure 40).
From the initial input data FracPaQ can also produce maps of fracture spatial arrangement. In particular, maps
of fracture intensity, defined as the total length of fracture in a given area (here expressed in mm-1), and of
fracture density, which is defined as the number of fractures per unit area (in mm-2), were created. Fracture
intensity and density are estimated using the circular scan window method of Mauldon et al. (2001), applied
to our coordinate geometry of fractures. The circle used to fit within a fracture trace map can be visualised on
a separate diagram, and the user can adjust the number of circles fitting the map and their diameters. Fracture
intensity is calculated as n/4r, where ‘n’ is the number of fractures intersecting the perimeter of the circle of
radius ‘r’; fracture density instead is calculated as m/2π2, where ‘m’ is the number of fractures terminating
within the circle (Rohrbaugh et al., 2002; Zeebs et al., 2013).
Another important measurement FracPaQ can provide is fracture connectivity. This parameter is relevant to
assess if a fluid (e.g. water or CO2) can percolate throughout the whole rock section. The software draws a
ternary plot of fracture connectivity (Manzocchi, 2002) with the three vertices of the triangle denoting I, Y, X
nodes in the fracture network. Nodes are classified as ‘I’ for isolated ends of fracture traces, ‘Y’ for branching,
splays or abutments and ‘X’ for cross-cutting intersections. More connected networks plot towards the lower
Y-X tie of the diagram, whereas less connected networks plot towards the I apex. The relative proportions of
I, Y and X nodes are then calculated with respect to the total number of intersections found.

Figure 40. Graphical User Interface [GUI] in FracPaQ version 2.8 with the Ga98W node (.svg) file of
traces previewed in the main window. Outputs can be selected by clicking one of the buttons along
the top right (Maps, Lengths, Angles, etc.), and then filling out the enabled tab of the options.
4.1.2.3 C. NUMERICAL COMPUTATION OF STRESS-PERMEABILITY RELATIONSHIPS OF FRACTURE NETWORKS IN MONT
TERRI ROCK LABORATORY
This section presents a workflow to compute the permeability of fracture networks of Mont Terri rock under
different in-situ stress conditions. This numerical procedure is implemented in the open-source MATLAB
Reservoir Simulation Toolbox [MRST] (Lie, 2019). We apply stresses to an augmented rock mass around the
fracture network, compute the contact stresses in the individual fractures, compute the aperture of each
fracture segment and then apply flow-based upscaling to compute the effective permeability of the fracture
network. The workflow is similar to the one applied in (Bisdom et al., 2016), but it uses fractured core
experimental data instead of the empirical model of (Barton and Bandis, 1980). This change is important to
capture the correct order of magnitude in stress-permeability models for fracture networks in shale formations,
as the single-fracture stress-aperture model plays a key role in the final upscaled results for the whole network.
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Moreover, the model of Barton and Bandis has been developed for granites with apertures on the order of
millimetre and its applicability to shales is questionable. Figure 41 presents an outline of the workflow to
compute the effective permeability for a fracture network.

Figure 41. Workflow for estimation of the stress-sensitive permeability of fracture networks.
We start by applying stress boundary conditions to a domain containing the fracture networks. We consider a
buffer zone around the fracture network to avoid boundary effects on the deformation of the fracture planes.
Through a simplified contact mechanics algorithm, we process the results to compute contact stresses on each
individual fracture, as a result of the applied stresses. The contact stress is the normal stress experienced by
the fracture walls and will serve to compute the aperture of each fracture segment. The contact stress acting
on each fracture is used to compute an aperture using and experimental model. The experimental model allows
us to reproduce the correct single-fracture stress-aperture behaviour for the Opalinus Clay. Finally, we use the
fracture networks and the computed apertures to perform single-phase flow-based upscaling. A flow field is
computed in the fracture network, disregarding matrix flow. The upscaled permeability results allow us to
understand the stress-permeability behaviour of the whole network.
The workflow is implemented in MRST, the MATLAB Reservoir Simulation Toolbox (Lie, 2019). We discretise
the two-dimensional domains using a finite element mesh. We use a triangular mesh that conforms to the
fracture network. The curved fractures are approximated by a series of linear segments in order to represent
the whole network as a set of linear fractures with two end points. Fractures with high tortuosity are difficult to
be represented by only two end points and hence are split into multiple fracture segments. The topology and
approximate geometry of the fracture networks were preserved to respect the correct fracture network
connectivity and aperture distribution. Figure 42 shows the triangular meshes generated around the linearized
fracture networks. We duplicate each node lying on a fracture edge to obtain a ‘master’ and a ‘slave’ node in
order to allow discontinuous displacements across the fracture edges. Intersections between two fractures are
split into four nodes. End points are not duplicated, respecting the approximate ‘seam’ representation of a
fracture in a rock mass. A mesh with consistent node/edge duplication is an input to our numerical simulator.
We have used the FractureNetwork2d class within the open-source package PorePy (2020) to generate such
meshes.
For solving the hydromechanical problem, each fracture segment is also associated with a corresponding
“virtual cell”. This cell is a one-dimensional element along the fracture segment that has a pore volume in the
computational domain but has no volume in the geometrical mesh. The pore volume of the fractures is equal
to the aperture times the segment length. We approximate the flow in the fractures as Darcy flow with a unity
porosity and a permeability given by the cubic law. Note that the aperture and the permeability of each fracture
segment comes from the aperture/permeability model, where the normal stress used in the model comes from
the contact pressure in the fracture segment.
We consider the virtual element method with linear triangular elements. The virtual element method is
implemented in MRST for linear elasticity problems and has been applied to a series of problems related to
computational geosciences (Andersen et al., 2017; Fumagalli et al., 2019). For the fluid flow in virtual cells, we
consider a finite volume discretization with the standard two-point flux approximation to relate the flux across
connections between virtual cells to the cell pressures. We compute the transmissibilities of each virtual
connection based on the individual transmissibilities of the fracture segments, which in turn are calculated
based on the segment’s apertures and permeabilities. For the intersections, we use the star-delta
approximation to compute the transmissibility without the need of a small volume located at the intersection
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(Karimi-Fard et al., 2004). The code for the presented workflow is available for download in (March et al.,
2020).

Figure 42. Computational triangular mesh of the four fracture networks Ga08E, Ga08W, Ga98E, and
Ga98W. The material buffer surrounding the fracture networks eliminates boundary effects for
geomechanical computation. This buffer is removed for flow-based upscaling.
4.1.3

Results and Discussion on Fault and Fracture Permeability

4.1.3.1 LABORATORY RESULTS
We performed tests on Nash Point samples from the Bristol Channel, Carmel Claystone samples from a drill
hole drilled near Green River, Utah and Opalinus Shale samples obtained from the Mont Terri Underground
Laboratory in Switzerland; to this dataset we added literature data of other low permeability rocks, as
summarised in Figure 43. It is obvious that permeability decreases with an increase in the effective stress Peff
(MPa) which is the confining stress minus Pc (MPa) pore pressure Pp (MPa). In a CO2 storage or
unconventional gas hydrofracturing scenario, we expect a decrease in the effective stress due to a pore
pressure increase, leading to an increase in gas permeability along fractures.
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Figure 43. Measured and literature fracture permeability data for various low permeability rocks.
4.1.3.2 ANALYSIS OF THE MONT TERRI FAULT ZONE USING FRACPAQ
We investigated the Main Fault outcrops by detailed mapping fault and fracture traces visible in the two
galleries intersecting the Main Fault [MF] at Mont Terri. The galleries are separated in four windows, named
Ga08E, Ga08W, Ga98E and Ga98W, which, in pairs, are located to the east and to the west of two galleries.
Views are drawn at the same scale and oriented the same way (Jaeggi et al., 2018).
Across all sections, the thickness of the MF core varies substantially from 1 metre in the window Ga98E to
more than 4 metres in Ga08W. In all four analysed windows, the fault core displays a large number of brittle
(i.e. fractures) and ductile (i.e. S-C bands, micro- and meso-scale folds, and scaly clay) features. Only brittle
feature, however, have been taken into account during the analysis shown here.

Figure 44. Mapped fault and fracture traces from the four windows intersecting the Mont Terri Fault,
modified after Jaeggi et al. (2018).
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We imported the mapped fracture traces in to FracPaQ (Healy et al., 2017) for deriving fracture attributes (i.e.
length, orientation) and fracture network characteristics (i.e. density, intensity and connectivity).
We will show the FracPaQ analysis, over the mapped fracture traces, for each of the window separately and
then we will draw a generally summary.
Gallery 08 – East Window
In the East Window of Gallery 08 we have measured 114 fractures ranging between 0.04 m (minimum length)
and 2.85 m (maximum length), and with an average fracture length of 0.5 metres (Figure 45). Longest features
are those parallel or sub-parallel to the trace of the Main Fault, and shorter, minor fractures predominantly
distribute in the area between the highly deformed zones (Figure 45A). Major structures visible within this
window predominantly strike NNW-SSE, as shown in the length-weighted rose plot in Figure 45F. In the same
plot we observe a secondary conjugate trend striking NNE-SSW related to minor structures visible in the low
left-hand corner of the Window.
Fracture network characteristics for the East Window in Gallery 08 are shown in Figure 46, where we reported
fracture network connectivity, intensity and density as produced by FracPaQ (Healy et al., 2017). For this
outcrop we have measured a total 281 connectivity nodes, as sum of the I (= isolated), Y (= abutments or
splays) and X (= cross-cutting) nodes automatically detected by FracPaQ. Overall, the network is well
connected: the 56% of all nodes are connected. The highest proportion of nodes, 51%, is represented by Ynodes (abutments), followed by isolated (I) nodes, 44%, and cross-cutting (X) nodes, only the 5%.
Consequently, when plotting these values into the ternary plot (Manzocchi, 2002), we find that this network
lays below the 2 connection per line (CL = 2) threshold (Figure 46B), indicating a well-connected network. In
this window we have measured an average intensity of 7.6 fracture/m, and an average density of 52.3
fracture/m2. The intensity and density maps (Figure 46C and D) show that the majority of fractures are located
near the main fault planes for this outcrop.

Figure 45. Overview of fracture attributes (i.e. trace length and orientation) as produced by FracPaQ
(Healy et al., 2017) for the East Window in Gallery 08. A) Fault and fracture map, after Jaeggi et al.
(2018); B) FracPaQ visualisation of the fracture map in A; C and D) Fracture trace map colour-coded
by length: bright yellow indicates longer fractures, while dark blue is assigned to short fractures. D
shows the histogram of length distribution for Window East of Gallery 08; E and F) Fracture map colour
coded based on segments’ strike and relative length-weighted rose diagram (same colour scheme).
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Figure 46. Overview of the fracture network characteristics for the East Window in Gallery 08 as
produced by FracPaQ (Healy et al., 2017). A and B) Map and triangular plot showing fracture
connectivity: with a connectivity value that lays below the threshold of 2 connection per line (CL = 2,
in B) with most of the connectivity ensured via Y-node (abutments) as visible in A; C and D) Maps of
intensity and density of fractures calculated using 10 circular windows in each row and column of the
mapped window.
Gallery 08 – West Window
In the West Window of Gallery 08 only 40 fractures crop out, ranging between 0.29 m (minimum length) and
4.29 m (maximum length), and with an average fracture length of 1.5 metres (Figure 47). Longest features are
those parallel or sub-parallel to the trace of the Main Fault, and shorter, minor fractures predominantly
distribute in the area between the highly deformed zones (pink coloured areas in Figure 47A), above the lower
boundary of the MF. Compared to the eastern Window in the same Gallery (08), we are recorded on average
less but longer structures, as it can be seen in the histogram of fracture trace length in Figure 47D. Similar to
Ga08E, the major structures visible within this window strike NNW-SSE, as shown in the length-weighted rose
plot in Figure 47F. Here we have not observed any conjugate (NNE-SSW) set, and the secondary set is
represented by more inclined structures striking close to a W-E trend.
Fracture network characteristics for the West Window in Gallery 08 are shown in Figure 48, where we reported
fracture network connectivity, intensity and density as outputs of FracPaQ (Healy et al., 2017). For this outcrop
we have measured a total 108 connectivity nodes, as sum of the I (= isolated), Y (= abutments or splays) and
X (= cross-cutting) nodes automatically detected by FracPaQ. Overall, the network is well connected: the 56%
of all nodes are connected. The highest proportion of nodes, 47%, is represented by Y-nodes (abutments),
followed by isolated (I) nodes, 44%, and cross-cutting (X) nodes, only the 9%. This proportions compare very
well to those see the opposite, eastern Window. When plotting these values into the ternary plot (Manzocchi,
2002), we find that also this network lays below the 2 connection per line (CL = 2) threshold (Figure 48B),
indicating a well-connected network. Due to the scarcity of fracture in this window, we have decreased the
number of scanning circles, used to draw the intensity and density maps, to 8 circles per each row and column
of the map (i.e. for the previous outcrop Ga08E we used 10 circles). In this way we have ensured a meaningful
value for both the estimated fracture intensity and density (see Rohrbaugh et al., 2002; Zeebs et al., 2013). In
this window we have measured an average intensity of 4.6 fracture/m, and an average density of 12.2
fracture/m2, drastically lower compared to the eastern counterpart. Unfortunately, the low number of fractures
in this window made difficult to draw conclusion on the distribution of fractures in relation to the major fault
structures.
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Figure 47. Overview of fracture attributes (i.e. trace length and orientation) as produced by FracPaQ
(Healy et al., 2017) for the West Window in Gallery 08. A) Fault and fracture map, after Jaeggi et al.
(2018); B) FracPaQ visualisation of the fracture map in A; C and D) Fracture trace map colour-coded
by length: bright yellow indicates longer fractures, while dark blue is assigned to short fractures. D
shows the histogram of length distribution for Window West of Gallery 08; E and F) Fracture map
colour coded based on segments’ strike and relative length-weighted rose diagram (same colour
scheme).

Figure 48. Overview of the fracture network characteristics for the West Window in Gallery 08 as
produced by FracPaQ (Healy et al., 2017). A and B) Map and triangular plot showing fracture
connectivity: with a connectivity value that lays below the threshold of 2 connection per line (CL = 2,
in B) with most of the connectivity ensured via Y-node (abutments) as visible in A; C and D) Maps of
intensity and density of fractures calculated using 8 circular windows in each row and column of the
mapped window.
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Gallery 98 – East Window
In the East Window of Gallery 98 we have measured 106 fractures ranging between 0.05 m (minimum length)
and 2.39 m (maximum length), and with an average fracture length of 0.46 metres (Figure 49). Longest features
are those parallel or sub-parallel to the trace of the Main Fault, and shorter, minor fractures predominantly
distribute in the area between the upper and the lower boundary of the Main Fault zone (pink coloured areas
in Figure 49A). This Gallery shows higher abundance of short fractures when compared to the Gallery 08
(please see also data for Ga98W in the following section), as also recorded in the histogram of fracture trace
length in Figure 49D. Similar to Ga08E and Ga08W, the major structures visible within this window strike NNWSSE, as shown in the length-weighted rose plot in Figure 49F. A minor conjugate (NNE-SSW) trend emerges
in this outcrop.
Fracture network characteristics for the East Window in Gallery 98 are shown in Figure 50, where we reported
fracture network connectivity, intensity and density as outputs of FracPaQ (Healy et al., 2017). For this outcrop
we have measured a total 260 nodes, as sum of the I (= isolated), Y (= abutments or splays) and X (= crosscutting) nodes automatically detected by FracPaQ. Overall, this fracture network shows a poor connectivity
compared to those seen in Gallery 08: the 55% of all nodes are non-connected, i.e. isolated fractures. The
highest proportion of nodes, 55%, is represented by I-nodes (isolated), followed by Y-nodes, 38%, and crosscutting (X) nodes, only the 6%. Ultimately, when plotting these values into the ternary plot (Manzocchi, 2002),
we find that also this network lays above the 2 connection per line (CL = 2) threshold (Figure 50B), indicating
a poorly connected network. The network of fractures observed in the East Window of Gallery 98 shows a
relatively slightly higher intensity and density of fractures when compared to those in Gallery 08. In particular,
in this window we have measured an average intensity of 8.5 fracture/m, and an average density of 52.6
fracture/m2, with the majority of fracture distributing at the core of the fault zone (Figure 50D).

Figure 49. Overview of fracture attributes (i.e. trace length and orientation) as produced by FracPaQ
(Healy et al., 2017) for the East Window in Gallery 98. A) Fault and fracture map, after Jaeggi et al.
(2018); B) FracPaQ visualisation of the fracture map in A; C and D) Fracture trace map colour-coded
by length: bright yellow indicates longer fractures, while dark blue is assigned to short fractures. D
shows the histogram of length distribution for East Window in Gallery 98; E and F) Fracture map colour
coded based on segments’ strike and relative length-weighted rose diagram (same colour scheme).
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Figure 50. Overview of the fracture network characteristics for the East Window in Gallery 98 as
produced by FracPaQ (Healy et al., 2017). A and B) Map and triangular plot showing fracture
connectivity: with a connectivity value that lays above the threshold of 2 connection per line (CL = 2,
in B) with most of the connectivity ensured via Y-node (abutments) as visible in A; C and D) Maps of
intensity and density of fractures calculated using 10 circular windows in each row and column of the
mapped window.
Gallery 98 – West Window
In the West Window of Gallery 98 we have measured 250 fracture traces ranging between 0.03 m (minimum
length) and 2.87 m (maximum length), and with an average fracture length of 0.33 metres (Figure 51). Longest
features are those parallel or sub-parallel to the trace of the Main Fault, and, coherently with other windows,
shorter, minor fractures predominantly distribute in the area between the upper and the lower boundary of the
Main Fault zone (pink coloured areas in Figure 51A). As seen for the eastern window of this gallery, here we
observed higher abundance of short fractures when compared to the Gallery 08; this well displayed in the
histogram of fracture trace length in Figure 51D. Similar to the other analysed windows (both in Ga08 and
Ga98E), the major structures visible within this window strike NNW-SSE, as shown in the length-weighted rose
plot in Figure 51F. A minor conjugate (NNE-SSW) trend also emerges in this outcrop. Compared to the
opposite eastern window, the west outcrop of Gallery 98 shows a wider spread of orientations which closely
resemble that of Ga08E.
Fracture network characteristics for the West Window in Gallery 98 are shown in Figure 52, where we reported
fracture network connectivity, intensity and density as outputs of FracPaQ (Healy et al., 2017). For this outcrop
we have measured a total 621 nodes, as sum of the I (= isolated), Y (= abutments or splays) and X (= crosscutting) nodes automatically detected by FracPaQ. The majority of nodes is represented by isolated fracture
ends (I-nodes), 56%. Connection is predominantly ensured through abutments (Y-nodes), and this is a
consistent with what has been observed for the previously described windows. Cross-cutting relationships are
the least represented node type, characterising only the 3% of nodes. Ultimately, when plotting these values
into the ternary plot (Manzocchi, 2002), we find that, similarly to the Ga98E outcrop, this network lays above
the 2 connection per line (CL = 2) threshold (Figure 52B), indicating a not very well-connected network. From
the high number of fracture traces measured in this window, we have directly estimated higher values for
intensity and density. In particular, in this window we have measured an average intensity of 9.5 fracture/m,
and a sharp increase in the average density with an estimated density of 88.1 fracture/m2, with the majority of
fracture distributing near the major fault planes (Figure 52D).
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Figure 51. Overview of fracture attributes (i.e. trace length and orientation) as produced by FracPaQ
(Healy et al., 2017) for the West Window in Gallery 98. A) Fault and fracture map, after Jaeggi et al.
(2018); B) FracPaQ visualisation of the fracture map in A; C and D) Fracture trace map colour-coded
by length: bright yellow indicates longer fractures, while dark blue is assigned to short fractures. D
shows the histogram of length distribution for West Window in Gallery 98; E and F) Fracture map
colour coded based on segments’ strike and relative length-weighted rose diagram (same colour
scheme).

Figure 52. Overview of the fracture network characteristics for the West Window in Gallery 98 as
produced by FracPaQ (Healy et al., 2017). A and B) Map and triangular plot showing fracture
connectivity: with a connectivity value that lays above the threshold of 2 connection per line (CL = 2,
in B) with most of the connectivity ensured via Y-node (abutments) as visible in A; C and D) Maps of
intensity and density of fractures calculated using 10 circular windows in each row and column of the
mapped window.
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Discussion
The outputs produced by FracPaQ (Healy et al., 2017) over the 4 analysed windows in the two galleries, allow
us to build a detailed and consistent dataset which, in turn, make it possible to draw some consideration
regarding the structures observed near the MF fault zone at Mont Terri Rock Laboratory:
A. The orientation of faults and fracture is coherent in all four windows in the two galleries, with a predominant
NW-SE trend; minor conjugate structures show WNW-ESE, NE-SW and ENE-WSW trends (Figure 53A).
B. Galleries with more fracture abundance, show a higher spread in fracture lengths. Both 98 galleries show
values ranging within the same order of magnitude, between a few centimetres and few metres long. In
the same range of values are the fractures mapped in window 08E. Gallery 08W is an ‘outlier’ showing
no ‘short’ fractures (shortest fracture = 50 cm) and including the longest fracture mapped (= 4.3 m). A
lognormal distribution of fracture height appears to be the best fitting law distribution for the current data
(Figure 53B), however this dataset, due to outcrop size limitations, can be heavily influenced by truncation
biases.
C. Connectivity in all 4 networks is predominately ensured through abutment (Y-nodes), possibly indicating
a coeval formation of the fault and fracture sets. Cross-cutting (X-nodes) fractures are related almost
exclusively to the WNW-ESE set. Variations between galleries are coherent in-pairs: the eastern and
western window of the same gallery show comparable ratios of Y:X:I nodes (Figure 53C). Differences
noticed between the two galleries can be imputed to a higher number of short, isolated fractures seen in
Gallery 98. Fracture networks mapped in the 2 windows in Gallery 08 are a natural proxy of a skeletonised
network (i.e. a network showing only connected fractures) and therefore possibly more representative
inputs for fluid flow modelling.

Figure 53. Summary of the data seen in all four analysed windows in the Mont Terri Rock Laboratory.
A) Rose diagram showing fracture strikes in the 2 galleries: principal trends have been highlighted. B)
Log-log plot of fracture height against cumulative frequency summarizing the distribution of fracture
size in the four analysed windows: a general lognormal distribution appears to be the best fitting
distribution law for the data acquired on the outcrops. C) Ternary plot of connectivity (Manzocchi,
2002; Healy et al., 2017) showing the ratio of connectivity nodes in the 4 analysed windows.
4.1.3.3 NUMERICALLY COMPUTED RESULTS OF THE STRESS-PERMEABILITY RELATIONSHIP FOR THE DIGITISED MONT
TERRI FRACTURE NETWORKS
We run simulations on each of the fracture networks in Figure 43, considering a range of stress boundary
conditions (1.0 MPa to 20.0 MPa) applied in the vertical and horizontal directions. Figure 54 and Figure 55
present the effective permeability in log scale in the x- and y-directions, respectively. The results show that
upscaled fracture network permeability ranges over five orders of magnitude under different stress conditions.
It is highest for low stresses and reduces with increased stress as a consequence of increased normal load
on the individual fractures as reported in other studies (Cuss et al., 2011; Kneuker et al., 2017; Zhang et al.,
2013).
The effective upscaled permeability in the x-direction seems to depend equally on the applied vertical and
horizontal stresses, resulting in a nearly radial distribution of the permeability values observed in the surface
plot (Figure 46). The permeability is bound to the lower limit of the intact rock matrix permeability of km = 10-21
m2 when high horizontal and vertical stresses are applied simultaneously. In case of more heterogeneous
stress regime, the computed effective permeability is always above the matrix permeability representing the
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well-connected fracture network. In contrast to very symmetrical, upscaled permeability values for horizontal
flow as a function of the applied stresses, for the vertical flow we observe a clear elevated dependency on the
horizontal stresses. The permeability is decreasing faster with the increase of 𝜎 compared to smaller slopes
when the vertical stress, 𝜎 is varied (Figure 54). The reason for this lies in the fracture network geometry. All
considered fracture networks Ga98W, Ga98E, Ga08W, and Ga08E have certain characteristics in common:
the long fractures extending into the y-direction are nearly vertical, meaning they will experience more normal
stresses induced from 𝜎 than from 𝜎 that is aligned with these fractures in an almost parallel way. At the
same time, these fractures are the main connectors of the flow boundaries just multiplying the effect of higher
stress dependency. On the other hand, the horizontal flow is mainly supported by small fractures intersecting
the vertical fractures rendering them to be less influential to the overall flow and thus to the upscaled effective
permeability.

Figure 54. Stress-permeability surface plots for fluid flow in the x-direction (a) Ga08E, (b) Ga08W, (c)
Ga98E, and (d) Ga98W.
The described effect of fracture orientation density, and connectivity can also be observed in Figure 56. Here,
we plot the upscaled effective permeabilities for the four fracture networks in isotropic stress conditions (𝜎 =
𝜎 ) against the permeability of the fractured Opalinus Clay sample from Zhang et al. (2013). Under such
conditions, there is only very little variation in resulting contact stresses on individual fractures. This leads to a
very homogeneous aperture and thus permeability field that follows the same slope as the lab measurements.
The difference in effective permeability between the individual fracture networks is therefore mainly a product
of fracture orientation, density and connectivity. The results show that the permeability in the fracture networks
is isotropic to some extent and only slightly higher in y-direction in some cases. As stated above, the higher
vertical permeability corresponds to the orientation of the larger fractures in the networks, while the shorter
fractures strike in x-direction and provide connectivity between fractures in the networks.
Note that the effective fracture network permeability appears to be very close if not identical to the measured
permeability of the fractured Opalinus Clay core in the lab, but this is merely a coincidence. If the mapped
fracture networks would consist of more fractures that would increase the connectivity, the effective
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permeability curve would be some factors higher than the lab measurements. On the other hand, less fractures
and hence poorer connectivity would result in effective permeability even smaller than the laboratory results.
Therefore, it is very important to take into account the fracture network rather than just a single fracture
permeability when choosing permeability proxies for simulation of flow on coarse scale.

Figure 55. Stress-permeability surface plots for fluid flow in the y-direction (a) Ga08E, (b) Ga08W, (c)
Ga98E, and (d) Ga98W.

Figure 56. Comparison of stress-sensitive effective permeability for main fault galleries in the x- and
y-directions under isotropic stress conditions.
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4.2

FAULT ZONE ANALYSIS

Four sites in Poland have been selected and three cases pertaining to fault zone analyses (on possible
existence of reservoir fluid migration paths and hence possible leaks) were taken into consideration.
1. The first case is on two shale gas wells abandoned several years ago (two sites in northern Poland;
Figure 57), also investigated in Subtask 2.2.2 (on well integrity threat assessment) and WP3 (Subtask
3.3.2, on post-closure groundwater and soil monitoring).
2. The second case is a saline aquifer structure (Wojszyce; Figure 58) intended once to be CO2 storage
site of the Polish demo CCS project Bełchatów (there are several aquifer and caprock complexes
within the site).
3. The third case is the acidic gas storage site in depleted gas field (Borzęcin; Figure 59), also
investigated in Subtask 2.1.2 (on acidic gas storage site operation and monitoring).
In the frames of this subtask, the first analyses on formation confinement based on available results of
laboratory geochemical measurements of brine samples for several field sites have been conducted. The goal
of these analyses was to assess the presence of relic brine within reservoirs/aquifers in question or brine
exchange between reservoirs/aquifers within these sites. Results of these analyses can be used to evaluate
caprock integrity for they could be indirect evidence of possible migration paths (faults, fractures) and hence
possible leaks within the site currently, in the not-too-distant geological past, or no migration or fluid exchange
at all (relic brine).
To evaluate the capability of large-scale natural fractures to transmit fluids through the aquifers, we have
constructed simple models of fault zones, which are typical for the selected sites. The models, constructed on
the base of previously worked out 3D geological models, enable the evaluation of the fault seal potential, which
is determined by two components:
1. The sealing properties of the complexes juxtaposed on both sides of the fault (juxtaposition component
– presented at so-called juxtaposition plots) and
2. The sealing properties of the fault zone itself (fault gauge component – which is evaluated by the shale
gouge ratio [SGR] parameter).
This kind of modelling makes it possible to assess the caprock quality/fault integrity, i.e. whether the faults in
question make barriers or migration paths for reservoir fluids. Within shale complexes where no clear
distinction between reservoir and caprock exists, faulting more likely impacts shale gas production, rather than
causes migration of reservoir fluids. However, in the case of CO2 (or acidic gas) sequestration, faults and
fractures within caprock (or lateral variations of caprock lithology and parameters) could make migration paths
and hence could cause leaks beyond the reservoir/aquifer and the caprock, but a reliable SGR modelling
requires a detailed 3D geological model of the storage site.

Figure 57. Case 1 – the location of two shale wells (northern Poland; wells Lubocino and Wysin, vertical
and closely located horizontal or horizontal sections, within new 3D seismic areas) selected for the
analysis.
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Figure 58. Case 2 – the saline aquifer structure Wojszyce (central Poland; covered by a dozen old and
new seismic lines, one new well within the contour and several wells in the vicinity).

Figure 59. Case 3 – the depleted gas field Borzęcin (SW Poland; covered by a few old seismic lines
and numerous old wells drilled in 1960s and 1970s).
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4.2.1

Methodology

4.2.1.1 ANALYSES ON FORMATION CONFINEMENT
Regarding the formation confinement analyses based on available results of laboratory geochemical
measurements of brine samples the simplified methodology utilized in the national project “Assessment of
formations and structures suitable for safe CO2 storage (in Poland) including the monitoring plans” (RazowskaJaworek, 2012; Wójcicki et al., 2012) was applied. The methodology is in principle based on the assessment
of degree of geochemical maturity of formation water and isolation of aquifers/reservoirs (Hounslow, 1995)
measured by total dissolved solids [TDS], Na/Cl and Cl/Br ratios. In case of aquifers six types of groundwater
have been analysed by Razowska-Jaworek (2012), from the modern freshwaters that contact with meteoritic
water to the oldest, stagnant, highly mineralized brines (relic brines). Similarly, hydrocarbon basins are
characterized by five types of reservoirs (Bojarski, 1970), from high possibility of formation water exchange to
mature, relic brine. In case of potential hydrocarbon reservoirs additional parameters are usually assessed in
order to predict the presence of hydrocarbon fields, but, as in case of aquifers, TDS, Na/Cl and Cl/Br ratios
are sufficient to evaluate whether there has been any formation water exchange or there is mature, relic brine
within the proven hydrocarbon reservoir (Bojarski, 1970).
The simplified criteria on the formation confinement, standardized both for aquifers and hydrocarbon reservoirs
are presented in Table 37.
Table 37. The formation confinement criteria.
TDS

Na+/Cl-

Cl-/Br-

Fluid exchange very likely (high risk)

< 3 g/l

>1

> 1,000

Fluid exchange likely (moderate risk)

>3 g/l

0.84 ÷ 1

400 ÷ 1,000

Fluid exchange unlikely (low risk)

>10 g/l

0.65 ÷ 0.84

400 ÷ 1,000

>> 3 g/l (> 50 g/l)

< 0.65

< 400

Parameter/confinement degree

Fluid exchange very unlikely (relic/isolated
formation water, no risk)

Available archive geochemical data have been collected in three cases (shale gas well, saline aquifer structure
and depleted gas field). In case of structures where geochemical data were acquired in more than one well
the values of particular parameters were averaged.
In order to perform geochemical monitoring of the formation confinement using the above-mentioned criteria
preferably data acquired during the whole lifecycle of the site in question are necessary (including the baseline
results before injection or production phase). If possible, such analyses should be carried out both for the
reservoir/aquifer in question and geological formations located above, provided respective data are available.
Only in case of acidic gas storage site in depleted gas field a comparison of baseline and production/injection
phase results was possible, in other cases only baseline results were available because no commercial gas
production or CO2 injection commenced there. However, except the saline aquifer structure the relevant
geochemical data were available for the reservoir in question only.
The presence (or high to moderate risk) of fluid exchange within aquifer/reservoir could be an indirect evidence
of possible migration paths (faults, fractures) and hence possible leaks within the site currently, or in not too
distant geological past. However, results of geochemical analyses should be utilized as supplementary to fault
(and/or fracture) modelling and analyses.
4.2.1.2 FAULT MODELLING
The methodology described below refers specifically to the use of T7 Badley Geoscience software2 and
preparation of relevant datasets (seismic and wireline-logging data) as the input to the fault sealing modelling.
Before preparation of this report only the case pertaining to the sites including two shale gas wells in northern
Poland was completed and the case of acidic gas storage site in depleted gas field as well was being

2

http://www.badleys.co.uk/T7-overview.php; http://www.badleys.co.uk/training.php
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completed (utilizing that methodology). Of course, the methodology is not site specific, except for some minor
details on available data input and, possibly, the ensuing model construction.
Generally, a fault sealing analysis includes four steps:
1. Building a 3D "layer-cake" model of the geological formations based on the seismic survey
interpretation containing main horizons and faults surfaces and borehole data.
2. Calculation of at least one parameter - Vsh which stands for the volumetric shale/clay content in the
host-rock. Ideally, the Vsh, porosity, and permeability logs should be included within the model to
acquire more accurate results.
3. Modelling of the juxtaposition plots and SGR parameter for all detected faults in the 3D approach or
construction of so-called "triangle diagrams" in the 1D approach.
4. Interpretation of received SGR values in terms of sealing potential, including the geological history of
the area and evaluation of uncertainty level.
The 3D Seismic Model of the Fault Planes
The basis for the analysis of the fault sealing potential is the preparation of a spatial model of the geometry of
the fault surfaces (geological model). An interpretation of the 3D seismic survey was conducted within the
Petrel software. After the necessary adjustments of files format, the main horizons and faults were imported
to T7 software to create the 3D model of the underground space.
Although faults and horizons interpreted from the seismic survey comprise a fine input model, a detailed
stratigraphic template is required for more precise calculations (Yielding et al., 1997a, b). Hence, having
access to borehole dataset containing information about small-scale lithostratigraphic units, we provided them
as additional horizons surfaces within the model.
Recognizing all significant geological units form both the seismic and borehole data and placing them in the
accurate position within the structural model allows us to model so-called fault polygons. By the term "fault
polygon" we mean the gap which the fault creates within the horizon surface (Needham et al., 1996). All fault
polygons have edges, which are the lines of horizon/fault contact marked at the fault surface. Every horizon
involved within the fault movement creates a pair of such edges at the fault surface - one edge for footwall and
one for hanging wall. Within the software used for this study, the fault polygons are calculated automatically
based on the position of faults and horizon surfaces.
Bearing in mind the automatically calculated faults polygons may contain some errors, quality control of the
model is required. One of the accepted methods of checking the framework models is the analysis of the fault
displacement pattern (Kim and Sanderson, 2005; Walsh and Watterson, 1988; Watterson, 1986).
Theoretically, displacement on a single fault reaches a maximum near the centre and diminishes in all
directions to the edge of the fault, where dropping to zero. Thus, the separation polygons (marks of horizon
lines on fault planes) should exhibit systematic and regular geometry from the centre of the fault to the tip.
Abrupt spikes, jumps, loops or other abnormalities in the shape of the polygon indicate either an anomaly in
the interpretation or a modelling artefact or both. Hence, all of those points were checked and corrected, if the
source of their occurrence was be identified.
After receiving a satisfactory result of the interpretation and validation of the created model, the parameters
originating from boreholes are extrapolated by geostatistical methods. The required computation is performed
within the mesh with dimensions equal to 100 m x 100 m for both faults and horizons. The chosen dimensions
of the grid are dictated by the limitation of available devices and avoiding too high computational cost.
Basic Parameters and Algorithms
The most general approach of fault sealing capacity evaluation is the construction of so-called juxtaposition
plots, which enable quick analysis of potentially permeable and impermeable rock contacts and thereby
juxtaposition component of fault seal potential. The most simplified version of juxtaposition plots is a triangle
diagram, which constitutes the 1D model of sealing capacity. Within this study, we used the juxtaposition plots
in both forms: triangle diagrams constructed for all available boreholes (i.e. L-1, L-2H, O-2, O-3, O-4 in case
of the sites including shale gas wells) and the modified Allan diagrams (see Figure 60), which allows defining
hanging wall and footwall displacement across the fault plane in 3D space. Allan diagrams based on placing
the fault plane within the three-dimensional geological model and mapping the relative positions of
distinguished horizons in the hanging wall and footwall. Since the model is built for the whole area covered by
the seismic survey, diagrams are constructed simultaneously for all recognized faults including their different
throw and its variations within the fault zone.
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Figure 60. The Allan diagrams (after Allan, 1989): (a) fault displacement, (b) the interaction of
juxtaposed units across the fault surface section in three dimensions, (c) hanging wall and footwall
displacement across the fault plane.
Although the juxtaposition plots enable the quick examination of the rock types contacts, successful
identification of the gouge component of fault sealing potential requires more accurate analysis. To solve this
problem, several authors proposed a set of algorithms based on host-rocks lithology and fault displacement.
Being aware that the investigated field containing thick, highly heterogeneous sequences, and we are not
feasible to map every existing shale bed, we decided to use the equation proposed by Yielding et al. (1997b).
Yielding et al. (1997a, b) suggested an approach, based on the bulk properties of the whole sequence at the
scale of the reservoir. Within this method, it is needed to calculate the so-called shale gouge ratio [SGR], which
is simply the percentage of shale or clay in the moved interval. The SGR parameter is equal to the sum of
products of the thickness of a particular zone and the clay volume fraction in the zone divided by fault throw
(Eq. 9):
𝑆𝐺𝑅 =

∑[(𝑍𝑜𝑛𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠) × (𝑍𝑜𝑛𝑒 𝑐𝑙𝑎𝑦 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛)]
× 100%
𝐹𝑎𝑢𝑙𝑡 𝑡ℎ𝑟𝑜𝑤

Eq. 9

Generally, the SGR parameter represents the proportion of shale or clay that might be entrained in the fault
zone, assuming the rocks of fault’s walls are, on average, evenly mixed. Thus, the bulk composition of all parts
of the hanging wall will be the same as the bulk composition of the footwall rocks. If SGR value is high (40–
50% and more) the fault rock is assumed to be dominated by clay smears and the fault sealing potential is
high (permeability through the fault plane is decreased significantly). In the case of low SGR values (15–20%)
the fault rock is likely to be disaggregation zone or cataclasites and the fault sealing potential is low.
Calculation of Shale Volume (Vsh) Parameter
As was mentioned in previous chapter, the SGR algorithm used for fault sealing capacity evaluation is based
on the knowledge about volumetric shale/clay content in the host-rock. The main reason for that is the small
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sizes of clay minerals grains, which occurrence lead to decreasing pore-throats and therefore to a high capillary
threshold pressure. Normally, the clay minerals content is described by a petrophysical parameter called
Vshale (Vsh), which stands for a volumetric share of shale fraction (%clay minerals’ volume). The Vsh parameter
can be acquired from gamma-ray logs according to the methods described in Asquith and Krygowski (2004).
The first step to determine the volume of shale from a gamma-ray log is always the calculation of the so-called
gamma-ray index (IGR), which is also a linear response (Eq. 10):
𝑉 =𝐼

=

𝐺𝑅
𝐺𝑅

− 𝐺𝑅
− 𝐺𝑅

Eq. 10

where:
𝐼 = gamma-ray index
𝐺𝑅 = gamma-ray log reading
𝐺𝑅
= gamma-ray log reading in clay-free zone
𝐺𝑅
= gamma-ray log reading in pure-clay zone
The Vsh parameter was calculated separately for different stratigraphic levels and taking different values of
GRmax and GRmin within them. The final results were additionally calibrated to the laboratory measurements.
Although linear response provides reliable results for the dataset from boreholes located within the OpalinoLubocino seismic survey, it seems to not be a suitable method for the dataset from W-1 borehole. A comparison
of the received gamma-ray index with laboratory data, in this case, indicated inflated values of the shale
fraction. Hence, for the borehole W-1, we decided to use another equation for Vsh, proposed by Steiber (1970),
which is (Eq. 11):
𝑉 =
4.2.2

𝐼
3−2×𝐼

Eq. 11

Results

4.2.2.1 ANALYSES OF FORMATION CONFINEMENT
Analyses on the formation confinement analyses based on available results of laboratory geochemical
measurements of brine samples have been carried out for three cases:
1. Two shale gas wells abandoned several years ago (Lubocino and Wysin sites in northern Poland;
Figure 57).
2. Saline aquifer structure (Wojszyce; Figure 58).
3. The acidic gas storage site in depleted gas field (Borzęcin; Figure 59).
In Case 1 geochemical data on brine composition (TDS, and Na+, Cl- and Br- content) were provided by Polish
Oil and Gas Company. The data are results of analyses on brine samples collected from target reservoirs of
Lower Paleozoic (Wenlockian, Lower Silurian, Upper Ordovician and Cambrian) during well drilling and
completion. Hence, we have only the baseline data on formation confinement in case of shale (and, in one
case, sandstone) reservoirs.
In Case 2 data on geochemical composition of brine in new well at the top of the structure were not available
(except TDS). However, results of analyses of brine collected in old wells located close to the structure contour
have been published (Feldman-Olszewska, 2012) and used in this study. These were research wells drilled
by Polish Geological Institute by the end of 1980s (Wojszyce IG 1/1a, IG 3, IG 4; see Figure 58). The data
included analyses of brine samples collected from the target reservoirs (saline aquifers) considered in case of
the Wojszyce structure (CO2 storage site for the planned and abandoned Polish demo CCS project PGE
Bełchatów). The data were available for the following Jurassic saline or brackish aquifers: Upper ToarcianLower Aalenian, Lower and Upper Bajocian, Middle Batonian. These are baseline data only, collected during
well drilling and completion.
In Case 3 archive data on geochemical composition of brine collected from the gas well reports of Polish Oil
and Gas Company have been utilized as well as the newest results of brine sample monitoring carried out by
the Polish Oil and Gas Institute – National Research Institute [INiG-PIB] in the frames of SECURe WP3 (in
total data from 6 wells were available). The archive data collected from a couple of wells in 1969/70 before
gas production started are the baseline. Additionally, in several other wells drilled in 1980s during production
phase brine samples were collected and analysed. The recent analyses were carried out in 2018 by INiG-PIB
in the frames of SECURe WP3 on brine samples collected from all of these wells.
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The values in Table 38 are averaged within particular reservoir formations and wells (i.e. site averages for all
available samples collected from particular formations are presented).
Table 38. The formation confinement indices (colours denote: no risk, low risk, moderate risk, high
risk, according to Table 37).
Site

Reservoir

TDS

Na+/Cl-

Cl-/Br-

Lubocino

Cambrian

127

-

108

Wenlockian

70

0.45

115

L. Silurian-U. Ordovician

73

0.46

110

Middle Batonian

7

1.09

1,016

Bajocian

14

1.10

1,135

Aalenian-Toarcian

48

0.68

1,127

246 (209)

0.52 (0.62)

171 (191)

Wysin

Wojszyce
Borzęcin (incl. baseline)

Basal Limestone-Rotliegend

4.2.2.2 RESULTS OF FAULTS SEALING ANALYSIS FOR AREA COVERED BY OPALINO-LUBOCINO 3D SEISMIC SURVEY
Characteristic of Available Dataset, Recognized Faults and Horizons
The interpretation of the available seismic survey (data provided by Polish Oil and Gas Company) enabled to
distinguish of 10 main seismic horizons, comprising a base of constructed geological model (Figure 61A):
-

Tp2t – a clear minimum of the amplitude, occurring within the middle part of the lowermost
Buntsandstein and related to the sandstone layer between thick shale formations, characteristic for
this level. Within the model marked purple.
Zstr – poor negative reflection corresponding to the top of the Youngest Salt (Na4) representing the
border between the Lower Triassic and Upper Permian. Within the model marked light pink.
Z3 – a strong positive seismic reflection representing the border between the Younger Salt (Na3) and
the Main Anhydrite (A3) within the sequence of the third Zechstein cyclothem (PZ3). Within the model
marked light red.
Z2 – a strong positive seismic reflection representing the border between the Older Salt (Na2) and the
Basal Anhydrite (A2) within the sequence of the second Zechstein cyclothem (PZ2). Within the model
marked red.
Z1 – a negative seismic reflection characteristic for the bottom of the Main Dolomite (Ca2) and related
to the transition of the P-wave from dolomites to the anhydrite (A1g) of PZ1 cyclothem. Within the
model marked dark red.
Zsp – a strong negative seismic reflection corresponding to the bottom of Zechstein layers and P-wave
transition from limestones (Ca1) and anhydrites (A1d) to the basal conglomerates (Zp1). Within the
model marked light brown.
Sb – a strong positive reflection constituting a change of lithology from shale to limestone (Reda
Member) within the Silurian layers (Pridoli - Ludlow). Within the model marked light blue.
Or – a positive reflection representing a border between Silurian and Ordovician, as well as a change
of lithology from shale to marls and limestones. Within the model marked light green.
OrV – a positive reflection corresponding to the border between shaly Sasino formation
(Caradocian/Llanvirian) and limestone Kopalino formation (Llanvirian/Arenig). Within the model
marked dark green.
Cm2 – a reflection characteristic for lithological changes (shale/sandstones) between the Ordovician
and the Middle Cambrian. Within the model marked brown.
Pre – a positive reflection representing a top of the Precambrian. Within the model marked orange.

Within the available seismic survey area also 25 main and more than a hundred minor faults have been
recognized. A great majority of detected faults do not cut layers above the Lower Triassic, where only three
faults with a maximum throw of 31 meters have been noticed (Figure 61A). Many more faults were detected
within the Silurian and Ordovician formations, with special regard to the potential shale gas reservoir (Figure
61B). The uppermost Silurian horizon (Sb) was displaced by over 40 minor faults, with a maximum throw not
exceeding 35 meters. At a depth level corresponding to Ordovician layers were recognized additional 58 faults
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with a throw in a range from several to 100 m. The same and several more faults have also been ascertained
within the Cambrian and Precambrian layers (Figure 61B), where their throws are generally higher and reach
values slightly above 160 m. All recognized faults may generally be divided into two main sets: one with a
strike between 40° and 70° and the second with a strike azimuth between 90° and 120°.

Figure 61. The geological model of the underground space received from the interpretation of the
Opalino-Lubocino 3D seismic survey, where ten main horizons (described within the text) and over a
hundred faults were detected (A). A great majority of recognized faults, which may be divided into two
main sets, are placed within the Silurian and Cambrian formations (B, background horizon – Cm).
Bearing in mind, the seismic dataset provides only a general overview of the geological setting enabling the
detection of main horizons and faults, the seismic interpretation was aided by the data from five boreholes,
located within different parts of the investigated area (Figure 62). All boreholes, aside from the (horizontal) L2H, reach a Middle Cambrian complex and provided a continuous and detailed lithostratigraphic profile
enabling to complement the model. Also, geophysical logs necessary for the Vsh parameter calculation and
laboratory measurements for results calibration were provided for all listed boreholes.
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Figure 62. Location of the investigated boreholes.
1D Modelling Results
Since building a reliable 3D model is usually time-consuming and the whole necessary dataset is not always
available (e.g. seismic data), we decided to start the sealing potential analysis from the 1D models and check
the consistency of received results from a 1D and a 3D approach. Within the 1D approach, the triangle
diagrams are constructed for a particular borehole, where Vsh log is available and assuming the given throw of
a fault. Having access to the five boreholes containing the required geophysical logs, we create the triangle
diagrams for both: juxtaposition types and SGR values. However, due to some dataset related issues and
close vicinity from the borehole L-1, we decided to exclude borehole L-2H from this part of analysis. Based on
the data from core profiling, we have assumed the Vsh higher than 40% represents shale layers. Being aware,
the potential reservoir rocks comprise the Middle Cambrian, Ordovician and Silurian formations, and lying
above Zechstein layers are built mostly of impermeable salts and anhydrites with overall thickness exceeding
several hundred meters, we decide to perform the analysis only for those levels.
In the beginning, it is vital to check the types of juxtapositions and distinct the sand/sand, shale/sand, and
shale/shale contact to detect possible juxtaposition type seal. Thus, we have constructed the juxtaposition
triangle diagrams for boreholes L-1, O-2, O-3, and O-4 (Figure 63, Figure 64, Figure 65, and Figure 66). The
received results are quite consistent among the investigated boreholes and indicate a clear dominance of
shale/shale and sand/shale type of contacts. The sand/sand type of juxtaposition may be expected only within
small intervals of the uppermost part of Silurian (Ludlow - Puck formation), however assuming a high throw of
faults (mostly above a 1,000 m), which is not expected within this area. This type of contact within the same
interval is more common in the close vicinity of borehole O-2 (Figure 64), where the shale fraction content is
generally lower. At the depth interval corresponding to lower parts of Silurian (especially Pelplin formation of
Wenlock and Pasłęk formation of Llandovery) the juxtaposition type other than shale/sand and shale/shale
almost doesn't occur no matter the throw of fault. In contrast to the Silurian formations, within the Middle
Cambrian, the sand/sand juxtaposition is expected within the various range of throw: between a 600-900 m
and above 1,100 m in boreholes L-1, O-3, and O4 and above 500 m in borehole O-2 (Figure 63 - Figure 66).
Parts of the Ordovician layers (Prabuty and Kopalino formations) seem to exhibit a similar pattern to the Middle
Cambrian and point at the dominance of sand/sand contacts, however since they are mostly carbonates, that's
not the case.
Since the 1D models within the T7 software allow us to check both fault sealing potential components, we have
also checked the values of the SGR for every investigated borehole to assess a gouge component. Generally,
the SGR values between 0.3 and 0.5 dominate within the whole investigated interval in all boreholes (Figure
63 - Figure 66). A lower value of SGR between 0.2 and 0.3 may only be expected within the thin interval (ca
30 m) of carbonate Reda formation (Llandovery) assuming the fault throw no higher than 100m. Low values
of SGR (below 0.2) were received within the depth interval corresponding to the Middle Cambrian if the throw
of fault is no higher than 200 m (Figure 63 - Figure 66).
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Figure 63. A 1D models containing juxtaposition plot (top) and a result of SGR parameter calculation
(bottom) for borehole L-1.
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Figure 64. A 1D models containing juxtaposition plot (top) and a result of SGR parameter calculation
(bottom) for borehole O-2.
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Figure 65. A 1D models containing juxtaposition plot (top) and a result of SGR parameter calculation
(bottom) for borehole O-3.
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Figure 66. A 1D models containing juxtaposition plot (top) and a result of SGR parameter calculation
(bottom) for borehole O-4.
3D Modelling Results
The same as in the case of the 1D approach, the first step of the analysis in 3D space was the recognition of
juxtaposed lithotypes at fault planes. Since the horizon markers have been extrapolated to the appropriate
position within the footwall and hanging wall of faults, we are able to check the depth ranges of the sand/sand,
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shale/sand, shale/shale, or other contacts. A quick overview of the results leads to a conclusion, that generally,
the shale/shale and shale/shaly sandstone juxtaposition in the fault plane prevails within the investigated part
of the profile (Figure 67). The dominance of shale/shale type of contact should be expected in the fault planes
within the upper parts of the investigated profile from the level of Lower Triassic to the bottom part of the
Silurian. The shale/shaly sandstone juxtaposition type is the most common one within the lowermost part of
the profile and corresponds to the sandstones of the Middle Cambrian. Aside from these most commonly
checked juxtapositions, also a contact between the siliciclastic and carbonate rocks has been recognized
within the Ordovician Layers.

Figure 67. A 3D model of lithotypes juxtaposed against each other due to faults movements within the
investigated profile (area of Opalino-Lubocino 3D seismic survey).
Since we are aware of the lithological contacts and possible juxtaposition seal, we may now evaluate the
potential sealing behaviour of the fault planes itself by calculating the SGR parameter. The value of SGR
depends on Vsh and throw of fault, so the shale fraction content acquired from boreholes also had been
extrapolated through the investigated underground space. After acquiring the results of this process, we
calculated the SGR parameter for every detected fault within each recognized lithostratigraphic unit. Results
received from conducted computation, the same as in the case of 1D models are predictable and consistent
through the investigated fault planes. As one may expect, the SGR between 0.3 and 0.5 dominates within the
whole profile of the Silurian formation, excluding only a small interval of carbonate Reda formation, where its
value decreases to a range from 0.15 to 0.3 (Figure 68). A similar setting may be observed within the
Ordovician layers, where SGR values from 0.3 to 0.5 or even higher dominates within most fault planes. The
only exception constitutes carbonate formations (Prabuty, Sasino, and Kopalino), where SGR is generally
lower and does not exceed 0.3. A different range of SGR, which vary from 0 to 0.15 may is characteristic for
the Middle Cambrian and Jurassic/Triassic formations, where sandstone formations prevail. Within depth
interval covering the Lower Buntsandstein, where two fault planes were recognized, dominate a lower range
of SGR between 0.15 and 0.3 (Figure 68).
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Figure 68. A result of 3D modelling of the SGR parameter within the investigated fault planes within
the area covered by Opalino-Lubocino 3D seismic survey. Note: Grey areas mean lack of sufficient
dataset for a reliable calculation.
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4.2.2.1 RESULTS OF FAULTS SEALING ANALYSIS FOR AREA COVERED BY W YSIN 3D SEISMIC SURVEY
Characteristic of Available Dataset, Recognized Faults and Horizons
Interpretation of the Wysin 3D seismic survey (data provided by Polish Oil and Gas Company) allows
distinguishing five main horizons: Z1, Sb, Or, OrV and Pre, as well as 18 faults of various sizes (Figure 69).
Similar to the case of Opalino-Lubocino 3D, none of the detected faults cut the layers above the Silurian
level. Within the horizon corresponding to Reda formation, seven faults of throw range from several to 65
meters have been recognized (throws below seismic resolution can be detected, provided relevant borehole
data are available). Ordovician formation is displaced by nine faults, which throw varies from several to over
400 meters. An overall of ten faults reaches a Precambrian level, from which a maximum throw of one fault
exceeds 420 meters. All of the recognized faults exhibit stable direction and their strike azimuth vary within a
small range between 130° and 160°.

Figure 69. The geological model of the underground space received from the interpretation of the
Wysin 3D seismic survey.
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In this case, the seismic interpretation was aided by the data from only one borehole W-1 placed in the middle
of the investigated area (Figure 33). The borehole reaches a Middle Cambrian complex and provided a
continuous and detailed lithostratigraphic profile from the Quaternary to this level. Also, geophysical logs
necessary for the Vsh parameter calculation and laboratory measurements were available for this borehole and
were included within the model.
1D Modelling Results
As was mentioned within the Methodology chapter, calculation of the Vsh parameter was conducted using both
linear response and Staiber equations. Since the results received from the Staiber approach suits better to the
available laboratory data, we decide to use their values as the main Vsh parameter. The cut-off point, the same
as in the case of the previous study, was assumed to be higher than 40% of Vsh for shale layers.
The results of the juxtaposition plot expressed in a form of a triangle diagram indicate results similar to those
received for boreholes L-1, O-3, and O-4. Within this borehole, the sand/shale juxtaposition type is the most
common one and may be expected within the majority of the Silurian profile, especially if we assume the fault
throw exceeding 1,000 meters. A shale/shale type of contact was recognized within the Llandovery part of
Pelplin formation, as well as within the lowermost part of the Wenlock. A remaining area corresponds to the
sand/sand type of juxtaposition, which is an effect of lower shale fraction content (Figure 70).
In the case of the SGR parameter, the received results are also similar to those obtained in the OpalinoLubocino area. Here, the SGR between 0.3 and 0.5 definitely dominates within the whole Silurian profile. The
only exceptions, where SGR may decrease to a value in range 0.2 and 0.3 is the level of Reda formation if we
assume the fault throw no higher than 100 m and the Middle Cambrian if the fault throw is less than 60 meters
(Figure 70).
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Figure 70. A 1D models containing juxtaposition plot (top) and a result of SGR parameter calculation
(bottom) for borehole W-1.
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3D Modelling Results
The same as in the previous case, the analysis of the 3D model starts from the investigation of the possible
juxtaposition seal occurrence. Thus, we checked a depth range of sand/sand, shale/sand, shale/shale type of
contacts. The result received for planes of three major faults pointed at a clear dominance of shale/shale
juxtaposition within the whole interval of the Silurian profile, except the small range of Reda formation, where
carbonates contact with other lithologies. Within Ordovician formations carbonate/carbonate and shale/shale
juxtaposition types starts to prevail and occur at planes of all investigated faults. Below the Ordovician
formations at a depth interval corresponding to the Cambrian layers, a shale/sand or shaly sandstone/shale
juxtaposition is the most common one (Figure 71).

Figure 71. A 3D model of lithotypes juxtaposed against each other due to faults movements within
the investigated profile (area of Wysin 3D seismic survey).
As might be expected, the results of SGR parameter modelling for the Wysin 3D do not vary significantly from
the received for the Opalino-Lubocino area. Here, the SGR values between 0.3 and 0.5 dominate for the almost
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whole investigated profile at planes of all recognized faults (Figure 72). The only exceptions, where SGR
decreases to values in range 0.2 and 0.3, is the Reda formation within the Silurian layers and thin intervals of
Prabuty and Kopalino formations within Ordovician layers. Lower values of SGR (below 0.2) may be expected
only within sandstone parts of Upper and Middle Cambrian formations, but only in part of the area, where
overall fault throw is generally low. The SGR above 0.5 was recognized at planes of two major and several
minor faults at a depth interval corresponding to the lowermost part of Silurian (Jantar and Sasino formations).

Figure 72. A result of 3D modelling of the SGR parameter at the investigated fault planes within the
area covered by Wysin 3D seismic survey. Note: Grey areas mean lack of sufficient dataset for a
reliable calculation.
4.2.3

Discussion

In the PGI-NRI study geochemical analyses have been evaluated for three cases of the use of subsurface
but a very comprehensive fault model has been completed for one case only. The reason is only in this case
(on two shale gas sites) we were able to acquire data of sufficient scope, coverage and quality for the
purposes of this report. These data were acquired from Polish Oil and Gas Company. Similar studies have
been started in case of the depleted gas field (Borzęcin), based on INiG-PIB model (SECURe project D2.2),
but not completed for the purposes of D2.5 because of the lack of reservoir parameters of overburden,
88

Copyright © SECURe 2020

interpreted from wireline logs (and re-interpretation of old wireline logs proved to be difficult). The case of
Borzęcin will be continued in the final stages of WP2, and a very brief description of the work done and
implications to best practice guidelines, pertaining to the scope and quality of available data, will be included
in the SECURe project deliverable D2.6 as well as in the final, general conclusions in the SECURe project
deliverable D6.7.
4.2.3.1 INTERPRETATION OF RESULTS OF GEOCHEMICAL ANALYSES FOR THREE CASES
The results of geochemical analyses provide clues on the degree of formation confinement in three considered
cases (Table 38).
In the first case, of two sites including shale wells and their surroundings (Lubocino and Wysin sites) we
obtained results on Cambrian sandstones (Lubocino; L-1 & L-2H wells) and Wenlock and Lower Silurian &
Upper Ordovician shales (Wysin; W-1 well). The Lower Silurian & Upper Ordovician shales include the most
prospective Jantar and Sasino shale gas bearing formations. Results of geochemical analyses point out the
formation water samples collected from all of these formations can be characterized as stagnant, highly
mineralized brines (relic brines). Such a conclusion is indirect evidence excluding any migration paths
(permeable faults and fractures) of reservoir fluids within and beyond the reservoir-caprock complexes of
Silurian-Ordovician and Cambrian. Because we have baseline data only these results prove only any migration
of brine (and consequently, unconventionals) within and beyond Silurian-Ordovician and Cambrian complexes
is very unlikely.
In the second case, the results risks pertaining to permanent CO2 storage within Middle Jurassic and possibly
the uppermost Lower Jurassic aquifers of the Wojszyce structure are rated from very high to moderate.
Possibly the reason is integrity of seals within Middle Jurassic (Feldman-Olszewska, 2012) is compromised to
some extent, most likely by faulting. Hence, CO2 storage is recommended within deeper aquifers of Lower
Jurassic. The Wojszyce structure was intended to be the storage site for the abandoned Polish demo CCS
project PGE Bełchatów and because the project reached only the appraisal phase of storage component, only
baseline data were available.
In the third case both baseline and present-day data have been available. Results of baseline and present day
analyses of brine samples collected from reservoir series of the depleted gas field Borzęcin (now the acidic
gas storage) suggest the reservoir formation is isolated and any migration of brine (and consequently, natural
gas and/or acidic gas) beyond the reservoir complex of Basal Limestone-Rotliegend is extremely unlikely.
There is a slight discrepancy between baseline and present day baseline results, but it should be taken into
consideration brine samples were collected from a couple of wells in case of baseline, but in six presently, not
exactly from the same depths and there was certainly some impact of production activities within the gas field
on brine composition within the reservoir.
4.2.3.2 COMPARISON OF 1D AND 3D MODELLING RESULTS (LUBOCINO AND W YSIN SITES)
The constructed 1D models (at L-1 and W-1 shale wells) constitute a reasonable overview of the sealing
potential of faults within the investigated area. However, we still need to remember, that their effectiveness is
strongly related to several aspects. First of all, the borehole is only a single point from the perspective of the
entire investigated area; therefore, the reliability of the received result strongly depends on the distance
between the borehole which contains geophysical logs and the investigated fault. Secondary, within the 1D
model we may assume only constant fault throw, what as we know is far from the truth in terms of the whole
fault plane (Watterson, 1986; Needham et al., 1996).
Within studied areas, results received from 1D triangle diagrams are consistent with those obtained in 3D
models in both juxtaposition contacts and SGR parameter values. Hence, we may assume, the 1D models are
a valid method for fault seal potential evaluation if no 3D data such as seismic surveys are available. Since
within this study, 3D models were constructed and seem to be more accurate, further discussion will rely only
on them.
4.2.3.3 EVALUATION OF JUXTAPOSITION SEAL (LUBOCINO AND W YSIN SITES)
The evaluation of the juxtaposition type of seal is straightforward and requires the detection of possible
communication paths. To achieve this goal, we need to identify if the shale or other sealing rock type is placed
in the position where it can comprise a side-seal to a reservoir. In other words, we have to find the areas within
the fault zone, where sandstones are juxtaposed against a shale bed to assume the possible juxtaposition seal
(Yielding et al., 1997a, b). Looking at the received juxtaposition models, where the continuity of the sandstone
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layers may exist solely within a thin part of the Middle Cambrian, and contacts between permeable and
impermeable rock types dominate (Figure 67, Figure 71), we may presume the juxtaposition seal occurs within
almost the entire investigated profile. An exception of this pattern may constitute a carbonate/carbonate
juxtaposition type, which was detected within both models within Reda formation (Silurian) and part of
Ordovician. Since we have no data about their petrophysical properties, we do not know if they comprise a
reservoir type of rock or rather act as a seal. However, since this problematic part of the profile is placed
between a thick shale layers, we may presume the probability of potential leakage is still very low.
A straightforward interpretation like juxtaposition plots, however, does not always provide reliable information
about the efficiency of the juxtaposition seal. As has been described by Hesthammer and Fossen (2000) the
faults visible at the seismic scale are not necessarily a singular plane, but instead, they may represent a set
of smaller faults. Hence, some contacts between permeable units on a smaller scale may still be preserved,
even when the juxtaposition plot does not imply such a possibility. Thus, relying solely on the results from
juxtaposition plots may lead to misinterpretation, and the calibration of received results by other data and
methods is strongly recommended.
Since we do not have access to more detailed dipmeter logs or structural core profiling, we are not able to
confirm if the recognized fault surfaces are a similar case or not. It is worth bearing in mind in the fault sealing
analysis, although in the investigated cases, where the Silurian shale beds thickness exceeds 1,800 meters
and a throw of all recognized faults is no higher than 400 meters, this issue has no meaning. In such a setting
there is no possibility to break the continuity of shale layers.
4.2.3.4 THE MEANING OF RECEIVED SGR VALUES (LUBOCINO AND W YSIN SITES)
Although parameters like the SGR give us some clues about the fault sealing potential, they do not provide a
straightforward answer to a question: does the fault seal or not? To answer this question, we need to calibrate
the received results concerning owned geological information and find the most accurate thresholds for SGR.
The typically used threshold chosen on the ground of the observation from the Columbus Basin and Brent
province implies that the areas within the fault planes, where SGR is below 20% are composed of non-sealing
disaggregation-zones. On the other side, the SGR above 20% points at a high likelihood of fault-zone seal
(Yielding et al., 1997a, b). This setting seems to be at least partially correct also in our case. In the 3D models
of the Opalino-Lubocino and Wysin sites, the SGR below 20% occurs within the Ordovician carbonate Kopalino
formation and sandstones of the Middle Cambrian on most of the recognized fault planes (Figure 68, Figure
72). In the case of Middle Cambrian, despite the low SGR value, we may suspect the fault still may behave as
a seal, since this level is usually at a depth exceeding 3 km, where besides the grain crushing and sorting,
also the recrystallization and overgrowths of quartz grains are observed, which additionally reduce porosity
(Engelder, 1974; Crawford, 1998; Labaume and Moretti, 2001). The case of Kopalino formation is not so
straightforward to evaluate. Since this level is built mostly from carbonate rocks: limestone and marls, the used
software is not well suited to perform such analysis. Here, the used Vsh parameter does not reflect the sealing
potential, and other parameters such as porosity or permeability should be used.
The interpretation of intermediate values of SGR between 20 and 50% is quite straightforward and usually
indicates a significant reduction of porosity and permeability of fault plane, even though the clay mineral
content is not so high. According to Yielding et al. (1997a, b), this kind of result implies that the fault zone is
composed of phyllosilicate-framework rocks. In such a case, the sealing potential is controlled by the
development of networks of micro-smears around the grains of fault rocks. Thus, they may behave the same
as the typical clay smear and indicate the high sealing potential, even when shale beds involved in the fault
movement are thin (Knipe, 1992; Knipe et al., 1997b). Such a setting within the investigated fields may be
expected within the almost whole Silurian and Ordovician profile, where prevail a shale type lithology (Figure
68, Figure 72).
The SGR values above 50% are always interpreted in only one way: the fault rocks are dominated by the clay
smear, and the fault surface itself is sealed. Thus, according to this assumption that is achieved no matter the
chosen method of calibration (Yielding et al., 1997a, b), we may also expect a complete sealing within the
shale complex of the lowermost parts of the Silurian profile within the Pasłęk and Jantar formation.
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4.3

FAULT DYNAMICS

4.3.1

Methodology

Pore pressure and temperature changes caused by the injection of CO2 or the re-injection of waste water
associated to the production of shale gas may lead to fault reactivation and induced seismicity. In order to
assess the potential of fault reactivation and seismicity, and enable mitigation, it is crucial to understand the
interplay between the operational factors and the evolution of pressures, temperatures and associated
changes in the stress fields near these faults. As described in SECURe deliverable D2.3, the evolution of pore
pressure and temperature fields can be modelled analytically, semi-analytically or numerically. Analytical and
semi-analytical solutions can be applied for simplified geometries, such as axisymmetrical or horizontally
layered (pancake-like) reservoir configurations. These ‘fast’ models
1. Generally require less input data (e.g. on subsurface geology),
2. Are very efficient in terms of computational costs, and
3. Can provide a first-order estimate of fault stability under changing pore pressure and temperature
conditions.
As the models are computationally efficient, they can be used for uncertainty and sensitivity analysis.
As analytical models are generally based on stringent conditions for the geometry (i.e. axisymmetrical, plane
strain or uniaxial), they are less well suited when the effects of spatially varying pressures and temperature
fields, reservoir heterogeneity, and the effects of ‘stress arching’ caused by fault offset, reservoirs of limited
extent and sealing faults are expected to be important. In that case 2D and 3D semi-analytical and numerical
fault stability models can be used to simulate the effect of spatial gradients in pore pressure and temperature,
and geometrical complexity on stress arching.
In SECURe, we used two methods to analyse the stress response on a fault close to an injector well:
1. Based on the analytical approach of SRIMA (Seal and Reservoir Integrity through Mechanical
Analysis, by Fokker et al., in prep.) and
2. Based on numerical coupled modelling in FLAC3D-TOUGH(REACT).
Fault stress response is then used to compute fault Coulomb stressing rates and associated seismicity. In
section 4.3.1.1 and 4.3.1.2, we present the two methods for deriving fault stress changes; in section 4.3.1.3
we then describe the method used for assessing seismic response of the fault.

Figure 73. Workflow used for assessing the seismic response on the fault, in terms of frequencymagnitude of seismic events, for cold fluid injection close to a fault.
4.3.1.1 METHOD 1: ‘FAST’ SEMI-ANALYTICAL MODELLING APPROACH FOR ANALYSIS OF THERMO- AND POROELASTIC
STRESS CHANGES DUE TO COLD FLUID INJECTION
For analysis of the pressure, temperature and stress development in the reservoir and in adjacent layers due
to injection of cold fluids, two main phenomena must be incorporated. In the first place, injecting the water
requires elevated pressures. These alter the total stresses through the poroelastic effect. In the second place,
the injected water cools the reservoir and its surroundings. This induces a thermoelastic change of the total
stress. An assessment of the stresses due to the injection of cold water therefore requires a calculation that
consists of the following ingredients:





Estimate of the temperature distribution in and above the reservoir
Estimate of the pressure distribution in and above the reservoir
Effect of temperature on the in-situ stresses
Effect of pressure on the in-situ stresses

We used the semi-analytical tool of SRIMA (Seal and Reservoir Integrity through Mechanical Analysis (Fokker
et al., in prep.) to analyse the effect of injection of cold fluids on seal integrity and fault reactivation potential.
SRIMA is based on a semi-analytical radial symmetrical solution of the pressure, temperature and stress field
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around a single injector well, in a reservoir of finite height, which is surrounded by low-permeable seal and
base rock.

Figure 74. Radial-symmetrical geometry used in SRIMA (Seal and Reservoir Integrity through
Mechanical Analysis) for analysis of thermo- and poroelastic stresses in reservoir caused by injection
of cold fluids. Injection is assumed to take place over the entire reservoir height. Stresses are
computed on a polar coordinate system and then transferred to a Cartesian coordinate system. The
stress tensor is then used to compute stress changes on a single fault (presented in red).
Basic assumptions made in SRIMA for analysis of the effects of cooling and pressurization on stress evolution
in the reservoir, seal and base rock are:








Presence of horizontally layered permeable reservoir, with low permeable seal and base rock
Radial symmetry of the pressure and temperature fields around a vertical injection well
Injection at rate m over the entire height of the reservoir
Horizontal steady state flow in the reservoir
Heat transport in the reservoir dominated by thermal convection (transient)
Pressure diffusion in seal and base rock (transient)
Thermal diffusion in seal and base rock (transient)

The analytical solution for the temperature changes in reservoir, seal and base rock are based on the solution
formulated by Mossop (2001) for a system with purely radial-horizontal convection in a convection-dominated
permeable reservoir layer, and purely vertical diffusion in the low-permeability seal and base.
The pressure distortion in a highly permeable aquifer will quickly propagate into the reservoir and the pressure
profile around an injection well will become approximately logarithmic (Dake, 1983). Pressure changes in the
reservoir are therefore derived from the analytical solution for a steady-state pressure distribution with
negligible leakage to overlying and underlying layers, with a constant-pressure boundary at a distance 𝑟 .
Conversely, the evolution of pressures in the low-permeability seal and base is not stationary. For the transient
pressure evolution in the seal and base, an analytical approximation has been adopted that accounts for both
vertical and horizontal “leakage”.
We have validated both temperature and pressure fields with Eclipse (a standard reservoir simulator commonly
used in the oil industry). Both temperature and pressure fields are in good agreement with the Eclipse results.
For computation of the thermoelastic and poroelastic response of the rocks due to temperature and pressure
changes, all rocks are assumed to behave linearly elastically. Computation of the thermoelastic stress changes
for the radial symmetrical geometry in SRIMA are based on the approach of Myklestad (1942) and Perkins
and Gonzalez (1984). They give an analytical solution for thermoelastic stresses in a cooled cylinder with
discontinuous temperature at the boundary. As the temperature distribution in our model shows a progressive
and gradual cooling of the regions further away from the injection well, which cannot be included in the
approach by Myklestad, for computation of thermal stresses we use a step function for the temperature in the
reservoir instead. The cooled radius is approximated by deploying a thermal-energy balance principle. The
effect of conductive cooling of the seal and the base on the stress is incorporated also by a limit solution based
on the Myklestad relationships. Our estimate for the thermal stress is therefore a superposition of Myklestad’s
solution both inside and outside the cooled cylinder in the reservoir, supplemented with a term proportional to
the temperature at positions outside that region.
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Myklestad developed his equations for a cooled cylinder in a space with homogeneous elastic properties.
Realistic geological scenarios require the possibility of incorporating inhomogeneities, such as different elastic
properties for different layers. We adapted the analytical correlations developed for homogeneous subsurface
to situations with an elasticity contrast between reservoir and seal and base. The Myklestad part of the stress
has been calculated with the elastic modulus of the reservoir; the correction due to the direct effect of the
temperature with the modulus in seal and base, which is at the location of application.
The pore pressure in the reservoir is a logarithmic function of the distance from the well. An obvious approach
would therefore be to discretize the pressurized area and numerically integrate the contribution of pressurized
“ring elements” to the poroelastic stress. Such approach is beyond the philosophy of our current setup. We
have chosen to approximate the effect of the complete pressurized reservoir with the effect of a single
pressurized cylinder. Then Myklestad’s relationships can be used for these stresses as well. The
approximation of pressure and radius of the cylinder for different positions have been derived from a numerical
benchmark.
We have validated the stress field obtained in SRIMA with the outcome of a radially symmetric numerical
model set up in the finite element method [FEM] software of DIANA. Figure 75 shows a comparison of SRIMA
and numerical thermoelastic stresses. Figure 76 shows a comparison of SRIMA and numerical poroelastic
stresses.

Figure 75. Contour plots of the benchmark results for thermoelastic stresses computed in SRIMA and
numerical results. Thermoelastic stresses after 5 years of injection in a 100m thick reservoir.
Reservoir, seal and base rock have homogeneous elastic material parameters. Upper row: numerical
results for the radial stress (left), vertical stress (middle) and tangential stress (right). Lower row:
analytical results obtained in SRIMA for the radial stress (left), vertical stress (middle) and tangential
stress (right).
From SRIMA we obtain temporal and spatial changes in the stress tensor in the reservoir, seal and base rock.
Computed stress changes can be used to assess the potential of fracturing in the seal and base rock
(jeopardizing seal integrity) and potential of fault reactivation. As stresses in SRIMA are defined in a polar
coordinate system, for assessing fault stress changes and fault reactivation potential stresses first need to be
transferred to a cartesian coordinate system. The stress tensor is then used to compute changes in shear and
normal stress on the fault.
In Figure 77 we compare the outcome of fault friction in SRIMA with the outcome in the numerical code of
FLAC3D. From this figure, we observe that SRIMA tends to overestimate the friction (or slip tendency of the
fault, defined as τ/σ’n), particularly within the (cooled part of the) reservoir. Friction is underestimated in the
base and underburden, at the location of the temperature front. For an extensional tectonic setting like the
Netherlands, SRIMA tends to give a conservative estimate of fault reactivation potential for most faults,
particularly the fault sections within the reservoir.
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Figure 76. Contour plots of the benchmark results for poroelastic stresses computed in SRIMA and
numerical results. Poroelastic stresses after 5 years of injection in a 100m thick reservoir. Reservoir,
seal and base rock have homogeneous elastic material parameters. Upper row: numerical results for
the radial stress (left), vertical stress (middle) and tangential stress (right). Lower row: analytical
results obtained in SRIMA for the radial stress (left), vertical stress (middle) and tangential stress
(right).

Figure 77. Comparison of friction or slip tendency (which is defined as the ratio of shear over normal
effective stress τ/σ’n) computed in the numerical code of FLAC3D and SRIMA. Slip tendency is
calculated for a fault dip of 60°, strike N-S. Pressure and temperature field used for calculations are
the same. a) Friction after 5 years of injection computed in FLAC3D, b) friction after 5 years injection
computed in SRIMA, c – e) difference between outcome of FLAC3D and SRIMA for c) 5 years, d) 10
years, e) 25 years of injection. SRIMA generally tends to overestimate the slip tendency / friction in the
reservoir, except for some regions in the seal or base rock, near the temperature front.
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The benchmark has shown that the SRIMA approximations reproduce the numerical simulations reasonably
well. They are therefore faithful input for assessments that involve stress input – but within the limits of the
approximations. A first limitation is the assumption of horizontal flow. This will take place only if the reservoir
has a fixed thickness and the injection takes place over the full height. For limited perforation intervals, there
will be partly vertical flow close to the well. Second, if the permeability is anisotropic, the pressure and flow
fields will also be anisotropic. An extension could possibly be formulated when the properties are still
homogeneous (although anisotropic) and elliptic symmetry evolves. This has not been implemented in the
present form of SRIMA. Thirdly, inhomogeneous rocks will introduce an even larger complication: varying
parameters or a reservoir with varying height break the symmetry of the system and numerical approached
will be warranted if such inhomogeneities are considerable. Still, the current implementation of SRIMA provides
a reasonable first estimate of the resulting stresses and offers the possibility to evaluate sensitivities to different
parameters.
4.3.1.2 METHOD 2: COUPLED NUMERICAL MODELLING APPROACH FOR ANALYSIS OF THERMO- AND POROELASTIC
STRESS CHANGES DUE TO COLD FLUID INJECTION
We have also used a coupled thermo-hydro-mechanical numerical model to analyse the effect of fluid (e.g.
CO2 or water) into a reservoir: the FLAC3D-TOUGH(REACT) simulator (Taron et al., 2009). The simulator
accounts for the coupling between the thermal, hydraulic and mechanical processes which affect pressure and
temperature evolution around a single injection well and the mechanical response of a nearby fault (see Figure
78). The FLAC3D-TOUGH(REACT) simulator is used to analyse the spatial and temporal evolution of pore
pressures, temperatures and stresses in reservoir and over- and underburden around the injection well. Stress
changes can be computed anywhere in the reservoir and burden, but here we compute the spatio-temporal
evolution of (shear and normal) stresses on a single fault plane at a fixed distance of the injection well.

Figure 78. Example of FLAC3D-TOUGH(REACT) modelling results (quarter-symmetry) of fluid
injection. Left: Model geometry and lithologies and position of injection well. Right, from top to bottom:
pore pressure field, temperature field, effective vertical stress and effective horizontal stress due to
pore pressure and temperature changes after 50 years of injection. White symbol indicates potential
location of fault. For this project, we computed shear and normal stress evolution on a single fault at
a fixed distance from the injector.
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4.3.1.3 ASSESSING SEISMIC RESPONSE OF THE FAULT BASED ON FAULT COULOMB STRESSING RATES
In many approaches described in literature, Coulomb stress changes are used to derive seismicity and seismic
moment release. As described in SECURe deliverable D2.3, alternatively a relation between Coulomb
stressing rates and seismicity rates (rate-and-state seismicity; Dieterich, 1994) can be used for modelling
seismicity. As an example of the workflow of Figure 73, we use the fault stress evolution and associated fault
Coulomb stressing rates obtained from FLAC3D-TOUGH(REACT) in combination with the rate-and-state
seismicity theory to assess the effect of cold fluid injection in a reservoir on induced seismicity.
In FLAC3D-TOUGH(REACT), changes in fault normal and shear stress on a single fault plane at a fixed
distance from an injector well are computed. From changes in fault normal and shear stresses, Coulomb stress
changes on the faults can be derived:
Δτ

= Δ(τ − µσ )

Eq. 12

Where the symbol Δ denotes a change, τs is shear stress, σ’n is normal effective stress on the fault, σn is
total normal stress on the fault and µ is friction coefficient of the fault. A positive Coulomb stress change
indicates a destabilizing stress path of the fault, whereas a fault segment with a negative Coulomb stress
change is stabilizing.
The evolution of Coulomb stress changes over time can be used to derive Coulomb stressing rates. These
stressing rates are then used to obtain relative seismicity rates, based on the theory of rate-and-state seismicity
(Dieterich, 1994; Segall et al., 2015; Heimisson et al., 2018):
𝑑𝑅 𝑅 𝜏 ̇
=
−𝑅
𝑑𝑡 𝑡 𝜏 ̇

Eq. 13

Where R is relative seismicity rate (i.e. the seismicity rate divided by background seismicity rate) and τ0 is the
background tectonic stressing rate. The ta in the above equation is a decay parameter, which defines how long
it takes for seismicity to decay to its background value, following a large stress perturbation and depends on
background stressing rate, fault parameter A which quantifies the direct effect of rate and state friction
behaviour of the fault and normal effective stress:
𝑡 =

𝐴𝜏 ̇
𝜎

Eq. 14

Based on the spatial and temporal evolution of Coulomb stressing rates and seismicity rates we estimate the
frequency-magnitude distribution of seismicity at the fault plane near the injector well. Here we assume that
the injection occurs in a so-called ‘low-stress’ environment (Maurer and Segall, 2018). We assume that in a
low-stress environment the rupture area is bounded by the size of the fault segment that is critically stressed
(no run-away rupture outside the perturbed fault segment). In a low-stress environment, the temporal
frequency-magnitude distribution at the fault plane is controlled by
1. The evolution of shear/normal (Coulomb stresses),
2. The segment of the fault that is critically stressed, and
3. The seismicity rate from Dieterich’s rate-and-state seismicity theory.
Assessment of the seismic response of the fault, in terms of the frequency-magnitude evolution involves the
following steps (see also Figure 73):








Compute spatial-temporal distribution of the pressure, temperature and stress changes in the reservoir
Compute spatial-temporal distribution of (Coulomb) fault stress changes and Coulomb stressing rates
Estimate seismicity rate from Dieterich’s rate-and-state seismicity theory
Define fault segment that is critically stressed, assuming a critical shear/normal threshold for
nucleation of seismic events (e.g. τ/σ’n > 0.45)
Approximate fault area that is critically stressed – automatic picking of the perturbed zone (rectangle)
Convolve fault area integrated seismicity with Gutenberg-Richter and probability of rupture to be
confined within the area critically stressed
Estimate temporal evolution of seismicity, including frequency-magnitude distribution and/or
probability of exceedance

The application and results of the above workflow to assess the seismic response of a single fault close to an
injector well is demonstrated in the next section.
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4.3.2

Results

We modelled the seismic response of a fault in a Rotliegend reservoir, in which cold fluid is injected into a
single injection well at a distance of 300 m from a fault (see Figure 78). Fluid is injected at a temperature of 25
°C, at a constant rate of 50 kg/s over the entire reservoir height. The total height of the reservoir is 100 m. The
top of the reservoir is located at a depth of -3,000 m. Initial (total) stress gradients are chosen representative
of the in-situ stress field in the northern part of the Netherlands, i.e. for an extensional tectonic setting, with
little anisotropy in the horizontal stresses (Sv > SHmax = Shmin , respectively 22.6, 16.0 and 16.0 MPa/km). Pore
pressures are taken hydrostatic, with an overpressure of 3.1 MPa in the reservoir. We monitored the stress
evolution on a single fault without offset, striking N-S and dipping 60° towards the injection well. In fact, as the
fault is not explicitly modelled, stresses could be modelled on faults with any position and dip in the reservoir.
The initial friction or slip tendency of the fault, which is defined as τ/σ’n, is around 0.41 at the start of injection.
Model parameters and assumptions are summarized in Table 39 below.
Table 39. Overview of geological, hydrological and geomechanical model parameters for a typical
Rotliegend sandstone reservoir. As the flow part of the calculations has been limited to the reservoir
for computational efficiency – assuming conductance of heat and flow into the low-permeability seal
and base rock are negligible, only geomechanical parameters have been defined for the seal and base.
Reservoir (Rotliegend
sandstone)

Seal

Base rock

3,000 – 3,100

2,900 – 3,000

3,100 – 3,200

Initial pressure (MPa)

1.0e4*depth + 3.115e6

1.0e4*depth + 3.115e6

1.0e4*depth + 3.115e6

Initial temperature (°C)
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Undefined

Undefined

Vertical stress gradient
(Pa/m)

2.26e4

2.26e4

2.26e4

SHmax gradient (Pa/m)

1.60e4

1.60e4

1.60e4

Shmin gradient (Pa/m)

1.60e4

1.60e4

1.60e4

Pressure gradient (Pa/m)

1.0e4

1.0e4

1.0e4

Density (kg/m3)

2,260

2,260

2,260

Permeability (mD)

500

Undefined

Undefined

Porosity (-)

0.2

Undefined

Undefined

Heat capacity (J/kgK)

855

Undefined

Undefined

Conductivity (W/mK)

3.5

Undefined

Undefined

Youngs modulus (GPa)

15.0

15.0

15.0

Poisson’s ratio (-)

0.1

0.1

0.1

Biot coefficient

1.0

1.0

1.0

1.2e-5

Undefined

Undefined

Depth (m)

(Linear) thermal expansion
coefficient (°C-1)

For computational efficiency, pressure and temperature fields in FLAC3D-TOUGH(REACT) are computed for
the reservoir only, assuming no flow or heat transfer occurs from reservoir to over- and underlying layers. The
spatial and temporal evolution of the stress tensor due to changes in reservoir pressure and temperature is
computed for the reservoir, overlying seal and underlying base rocks. From the stress tensor obtained from
FLAC3D, normal effective and shear stress on the fault are computed. Figure 79 presents the pore pressure
field, temperature field and stress field at the end of the 50 years injection period.
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Figure 79. Pore pressure, temperature and stress field after 50 years, computed in FLAC3DTOUGH(REACT). a) Pore pressures, b) temperature, c) vertical effective stress, d) horizontal effective
stress (here shown in direction sxx).
Figure 79 shows that, whilst changes in pore pressure are limited, temperature decrease at the location of the
fault after 50 years of injection is significant, with changes up to -80 °C. The decrease in temperature causes
thermal stressing of both reservoir and burden (see Figure 79c and d). In Figure 79c and d the effects of stress
arching around the cooled area are clearly visible: For the over- and underburden above and below the cooled
area, vertical (effective) stresses are decreased, whereas horizontal (effective) stresses are increased. Here
arching effects result in a local stabilization of any normal fault above the cooled reservoir. In contrast, vertical
(effective) stresses in the reservoir, just outside the cooling front are amplified, whereas horizontal (effective)
stresses are reduced, promoting slip on any normal fault just outside the cooling front. Figure 80 shows stress
paths for different locations in reservoir and burden, within and outside the temperature front.

Figure 80. a) Locations for monitoring. b) Stress paths at different locations on the fault plane: 1-3 on
the fault segment that intersects the reservoir and 4-6 on the fault section that intersects the seal.
Red dashed line is Mohr Coulomb envelope for friction coefficient µ = 0.45.
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Figure 81. Results of the FLAC3D-TOUGH(REACT) model after 50 years of injection. Left: a) pressure
change at the fault, b) temperature change at the fault, c) slip tendency or friction at the fault, defined
as τ/σ’n. Only the section of the fault within the reservoir is shown. Right: d) evolution of rate of
temperature decrease (ddT) in time.
Figure 81a-c show the spatial distribution of pore pressure, temperature and reservoir friction (or slip tendency)
after 50 years of injection, on the reservoir section of the fault at 300m from the injector. Figure 81d shows the
rate of temperature changes (which is linked to the location and progress of the ‘thermal front’). Figure 82b
shows a clear relation between progression of the temperature front and elevated Coulomb stressing rates.

Figure 82. a) Temporal evolution of Coulomb stress changes on the fault segment in reservoir, seal
and base, b) temporal evolution of Coulomb stressing rates on the fault segment in reservoir, seal and
base.
From Figure 81 we observe that the fault area affected by the temperature front extends in time. This means
that also the area perturbed by the (thermal) stresses grows in time. Following the workflow described in
Section 4.3.1, we can monitor the temporal and spatial evolution of Coulomb stress changes and Coulomb
stressing rates (Figure 82) and the friction (and thus critically stressed area, Figure 83a) on the fault plane. As
the temperature front extends in time, it gradually approaches the fault plane. With the passage of the thermal
front the fault experiences high (thermal) Coulomb stressing rates (see Figure 82b). Thus, we can observe a
temporary ‘ring’ or ‘halo’ of high Coulomb stressing rates on the fault segment affected by the thermal front,
which expands in time. According to rate-and-state seismicity theory, high Coulomb stressing rates lead to
high nucleation and seismicity rates within this ring or halo (Figure 83b). After passage of the thermal front,
Coulomb stressing rates on a fault segment decline rapidly; cooling however causes a permanent Coulomb
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stress change on the fault segments, which may lead to critically stressed fault segments (i.e. a larger
perturbed area with low friction values), see Figure 83a.

Figure 83. a) Criticality of the fault plane and b) evolution of relative seismicity rates in time, shown for
reservoir and burden, at a depth between -2,800m and -3,300m. As overburden and underburden are
mostly stabilizing during cooling of the reservoir, due to effects of stress arching, elevated seismicity
rates are mostly observed at reservoir level.
Based on the workflow described in Section 4.3.1 and Figure 73 we then estimate temporal evolution of
seismicity, based on seismicity rates and area critically stressed. We assume seismic events can nucleate and
propagate on fault segments with friction >= 0.45. Furthermore, we assume a fixed stress drop of 2 MPa for
the seismic events, a background seismicity rate of 0.001 event/year, and based on seismicity rates we sample
from a Gutenberg Richter relation bounded by minimum magnitude of Mwmin of -1 and a maximum magnitude
of Mwmax 5, with a b-value of 1. Figure 84a shows the temporal evolution of seismicity and size of the perturbed
fault area, seismicity rates and seismicity (magnitudes). Figure 84b and c show the frequency-magnitude
relation versus time, and the associated probability of exceedance for certain magnitudes.

Figure 84. Evolution of seismicity on the fault plane @300m from the injection well. a) Seismic events
versus time, with different colours from blue to magenta presenting seismicity during sequential time
intervals. Black solid line indicates seismicity rates (N/year), red and cyan solid line indicate shortest,
respectively longest axis of the (rectangular) reactivated fault area. b) Temporal evolution of
frequency-magnitude distribution, for ‘low stress’ environment (dashed lines) and ‘high’ stress
environment (solid lines), with different colours from blue to magenta again presenting seismicity
during sequential time intervals. c) Probability of exceedance for seismic magnitudes; red arrow
indicates a probability of exceedance of 23% for magnitude M 1.0 events during the first 5 years of
injection, with probability of exceedance growing during the injection phase.
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4.3.3

Discussion

Pore pressure and temperature changes caused by the injection of CO2 or the re-injection of waste water
associated to the production of shale gas may lead to fault reactivation and induced seismicity. In order to
assess the potential of fault reactivation and seismicity, and enable mitigation, it is crucial to understand the
interplay between the operational factors and the evolution of pressures, temperatures and associated
changes in the stress fields near these faults. Here we developed a workflow to assess the (spatio-temporal)
evolution of seismicity associated to injection of cold fluids into a reservoir. Model results show that cooling of
the reservoir due to injection of cold fluids causes significant thermal stresses on the fault. We observe an
increase of fault area that is critically stressed, as the cooling front propagates from the injection well into the
reservoir. A local high Coulomb stressing rate and a temporary increase of seismicity rates can be related to
the ‘passage’ of the cooling front through the fault plane.
The case we presented should be considered as a synthetic example of the workflow. The seismicity evolution
that we computed heavily depends on input parameters for seismicity modelling, such as the assumptions on
background seismicity rates, range of stress drops, and the choice of rate-and-state seismicity parameters.
Most of these parameters are poorly constrained before the start of the operations. These parameters need to
be assessed based on information which becomes available from seismic monitoring, such as details on the
specifics of the network used for seismic monitoring (e.g. level of completeness, which is used to define Mwmin),
observed background seismicity (e.g. for constraining background seismicity rates), fault area (used to
constrain Mwmax) and during the injection operations (relation operations and e.g. evolution of seismicity rates).
Near-real-time data-assimilation techniques should be used to continuously update and optimize parameter
ranges and models, based on observations from seismic monitoring networks during the operations.
In the current analysis, the assessment of the evolution of seismicity was based on results of a FLAC3DTOUGH(REACT) model. As numerical analysis is time-consuming, for (near-)real-time data assimilation and
model optimization, fast methods are needed, which are based on analytical and semi-analytical approaches
for the assessment of fault stress evolution and stressing rates. As shown in Section 4.3.1.1, SRIMA can be
used to give a first order estimate of the stress evolution on a fault close to a single injection well. It is noted
though that in the current implementation of SRIMA, seismicity potential (in terms of friction or slip tendency)
of the fault segments in the reservoir is overestimated, whilst locally seismicity potential of the fault segments
in the base and seal near the cooling front is underestimated. Furthermore, the use of the Myklestad solution
in SRIMA for derivation of the stresses assumes the presence of a cooled cylinder, and hence a sharp
temperature front that propagates through the reservoir in time. A drawback of this assumption is the
occurrence of high and (unrealistically) abrupt changes in stressing rates on the fault, once the temperature
front reaches the fault. The fast (semi-) analytical approaches such as SRIMA need to be further extended to
enable their use in the current workflow.
Currently the method presented is based on the assumption that the rupture area of the seismic events is
circular, i.e. with aspect ratio of 1:1. Models show that, as both seal and underburden are mostly stabilizing
during the injection phase, the height of the critically stressed area does not significantly grow into the burden.
As a consequence, in our workflow the maximum magnitude that can be modelled is controlled by the height
of the reservoir. The workflow needs to be extended to include seismic rupture areas with aspect ratio’s larger
than 1. Fixed stress drops are used to compute the moment magnitudes of seismic events from rupture area.
The workflow can be further extended by incorporating a distribution of likely stress drops.
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5 Conclusions
As shown from this report, much investigation has gone into further understanding and quantifying the potential
risks associated with CCS and unconventional hydrocarbon production. These efforts help to ensure the safety
of further deployment of these technologies as well as raise the standards at which these technologies are
implemented. Listed below is a selection of the conclusions from the different sections.
From the general risk framework (Section 2), it can be seen that the most important risk factors related to
carbon storage and unconventional hydrocarbon exploitation are:




How much the storage reservoir is below hydrostatic pressure, though this is mainly contingent on the
storage facility type,
The amount of faulting and fracturing of the primary seal, which has implications for both the leakage
and seismic risk, and
Well integrity, particularly relating to the primary well barrier envelope and the possibility of leakage
pathways via legacy wells.

This work will be followed up with the completion of a semi-quantitative risk assessment tool which will provide
a connection between the bow-tie risk framework and a quantitative risk analysis and serve as a screening
tool for potential CO2 storage and unconventional gas production sites.
The well integrity aspect of this report (Section 3) spans over several topics. The first subsection (Section 3.1)
describes the use of a mini-wellbore simulator, which was used for two tests on annular cement integrity: one
with confining and pore pressures and the other without these pressures. From this, the experiments were
able to reflect what is documented in literature, demonstrating the capability of the mini-wellbore simulator to
apply casing, confining, and pore pressures to reflect downhole conditions. The laboratory work found that:



Across the two tests, it was found that with confining pressures present, a higher fracturing wellbore
pressure was required and resulted in more symmetrical fractures with smaller apertures than when
compared to the test without confining pressures.
Permeability of intact and fractured cement samples were also examined (0.81 µD and 88.6 µD,
respectively), as was the effect of varying curing conditions, which found a weak inverse correlation
between curing stress and cured cement strength.

Within the numerical geomechanical well leakage modelling work described in Section 3.2, relationships were
drawn between several cement properties and the impact on 1) shear cracking for the shale gas well model
and 2) the cement debonding (for both the formation-cement and casing-cement interfaces) and caprock
leakage for the CO2 injection well model. Points made were the following:








The probability of failure [POF] for both wells increases with cement shrinkage and stiffness and
decreases with cement cohesion. For the CO2 well, the POF also decreases as the CO2 injection
temperature increases. For the shale gas well, an increase in fracturing pressure leads to an increase
in POF.
Cement shrinkage can significantly increase the POF, so operators should, when possible, use cement
formulations that lead to smallest shrinkage level possible.
For the CO2 well, an increase in cement cohesion (strong versus weak cement) decreases the POF
at the casing interface but increases the POF at the formation interface.
Using cement formulations that lead to softer cement is recommended. Designing the cement Young’s
modulus close to 5 GPa can minimize the POF even for a shrinking cement. It is more important to
use a softer cement (lower stiffness) than a stronger cement (higher cohesion).
Probabilistic simulations are recommended for well integrity analyses, in order to account for the
uncertainty of input parameters.
Compiling such probabilistic simulations to a Bayesian belief network helps to see sensitivities when
varying multiple parameters and is a user-friendly manner to facilitate decision making.

Following the well integrity section is the work on fault and fracture behavior (Section 4). From the research
done on the Main Fault of the Mont Terri Underground Rock Laboratory (Section 4.1), it can be concluded that:


It is possible to but laborious to obtain data for mudrock fault characterization from outcrops and
laboratory analysis. Many outcrops showing fault zones in mudrocks are heavily weathered and
difficult to impossible to investigate; special cases like mining faces, underground labs, coastal cliffs
or faults in permafrost areas are good or even perfect locations to study fault attributes in caprock
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analogues. The Main Fault within the Mont Terri Underground Rock Lab [MTURL] is a suitable location
to do such analysis.
Studying the Main Fault at the MTURL has shown that the orientation of fractures is coherent in all
four windows in the two galleries, with a predominant NW-SE trend.
Galleries with more fracture abundance, show a higher spread in fracture lengths. A lognormal
distribution of fracture height appears to be the best fitting law distribution for the current data, however
this dataset, due to outcrop size limitations, can be heavily influenced by truncation biases.
Connectivity in all 4 networks is predominately ensured through abutment (Y-nodes), possibly
indicating a coeval formation of the fault and fracture sets. Fracture networks mapped in the 2 windows
in Gallery 08 are a natural proxy of a skeletonised network (i.e. a network showing only connected
fractures) and therefore possibly more representative inputs for fluid flow modelling.
Fracture permeability experiments on caprock analogues has shown two sets of data, relatively high
permeabilities for mudrocks that are geomechanically strong or brittle and low in clay content as well
as low permeability fractures that are potentially sealing when the caprock is ductile, weak and high in
clay content (like Opalinus Clay at the MTURL).

The results from the numerical simulations on these fracture networks and fracture permeability tests show
that:




It is possible to match order of magnitude fault permeability using an upscaled modelling approach
based on laboratory and field data.
Upscaled fracture network permeability ranges over five orders of magnitude under different stress
conditions. It is highest for low stresses and reduces with increased stress as a consequence of
increased normal load on the individual fractures as reported in other studies.
It is very important to take into account the fracture network rather than just a single fracture
permeability when choosing permeability proxies for simulation of flow on coarse scale

From the fault zone analysis (Section 4.2) undertaken in Poland, the geochemical analysis found that:





For the first case regarding two sites of shale wells and their surroundings (Lubocino and Wysin), the
formation water samples collected from all of these formations can be characterized as stagnant,
highly mineralized brines (relic brines), providing evidence against any migration paths of reservoir
fluids.
For the Wojszyce site, CO2 storage is recommended within deeper aquifers of Lower Jurassic.
The reservoir formation of the depleted gas field Borzęcin is isolated and any migration of brine (and
consequently, natural gas and/or acidic gas) beyond the reservoir complex of Basal LimestoneRotliegend is extremely unlikely.

Regarding the seal investigation, the juxtaposition models and shale gouge ratio [SGR] interpretations shed
some light on fault sealing potential of the following geologies:







Looking at the received juxtaposition models, where the continuity of the sandstone layers may exist
solely within a thin part of the Middle Cambrian, and contacts between permeable and impermeable
rock types dominate, the juxtaposition seal likely occurs within almost the entire investigated profile.
It is strongly recommended to calibrate the juxtaposition results by other data and methods, since
results solely from juxtaposition plots may lead to misinterpretation.
In the 3D models of the Opalino-Lubocino and Wysin sites, the SGR below 20% occurs within the
Ordovician carbonate Kopalino formation and sandstones of the Middle Cambrian on most of the
recognized fault planes
In the case of Middle Cambrian, despite the low SGR value, we may suspect the fault still may behave
as a seal, since this level is usually at a depth exceeding 3 km
Since the Kopalino formation is built mostly from carbonate rocks (limestone and marls), the used
software is not well suited to perform the SGR analysis.
Complete sealing is expected within the shale complex of the lowermost parts of the Silurian profile
within the Pasłęk and Jantar formation.

The last section of the fault and fracture behaviour covers fault dynamics (Section 4.3), which have found the
following:


Model results show that cooling of the reservoir due to injection of cold fluids causes significant thermal
stresses on the fault.
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It was seen that fault area that is critically stressed increases as the cooling front propagates from the
injection well into the reservoir.
A local high Coulomb stressing rate and a temporarily increase of seismicity rates can be related to
the ‘passage’ of the cooling front through the fault plane
The fast, semi-analytical model SRIMA was used to give a first order estimate of the stress evolution
on a fault close to a single injection well.

The progress made within the various experiments, simulations, and assessments in the SECURe project
serve as a strong foothold for understanding risk factors in fluid migration and the implications for subsurface
and wellbore integrity in the application of CO2 storage and unconventional hydrocarbon production. General
implications for the risk management of unconventional and CO2 storage sites will be provided to the SECURe
Deliverable 2.6, as well as the SECURe Work Package 6 on best practices, based on this and other technical
work performed in Work Package 2 of SECURe.
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Appendix 1
GENRAL RISK FRAMEWORK
SECURe Specific Bow-tie Method
Table 40. Colour coding of barriers based on barrier type, which is defined by the core ‘mechanism’
by which the barrier is implemented.
Barrier Type

Descriptions

Colour

Inherent /
Natural
Feature

Inherent or natural feature that does not vary from site to site. For
example, the potential for sea water to absorb CO2.

Geological
Properties

Geological features that vary from site to site, for example, Caprock,
Layers / Seals, Reservoir Effects. These barriers are present in nature;
Site Selection processes are required in order to ensure that sites with
suitable geology are selected.

Operational
Strategies

Black

Dark Blue

Operational strategy barriers are intended to represent development of
philosophies, approaches and plans to mitigate an identified hazard
release or prevent a threat leading to a release of a hazard.
These barriers require human involvement for development of the
strategy based on site selection studies, analysis, modelling and review of
ongoing monitoring data. Examples of these types of barriers include
hydraulic fracturing / injection strategy and well abandonment plans.

Orange

Engineering
(Design,
Equipment,
Positioning)

Engineered barriers, for example, equipment selection, well positioning,
well and platform design. These barriers will require human involvement
through design, installation and testing and maintenance to varying
degrees

Green

Monitoring

Monitoring barriers are the actions carried out that are intended to detect
potential threats before they result in the release of a hazard or detect the
release of a hazard before it leads to serious consequences. These
barriers require human involvement for initiation and review of data.

Yellow

Corrective
Action

Corrective action barriers are the incorporation of new procedures, (e.g.
drilling a relief well, changing injection rate/pattern, suspending injection),
in response to obtained monitoring data. These are meant to mitigate an
identified hazard release.

Dark Red

These barriers require human involvement for development of new
strategies, analysis, modelling and review of ongoing monitoring data.
Stakeholder
Consultation

Consultation barriers mitigate risks as perceived by relevant stakeholders,
particularly members of the public but also regulators, partners,
employees. These barriers encapsulate the activities that will be
undertaken to effectively communicate risks and initiate and support
effective dialogue between stakeholders and developers.

Purple

Third Party

Barrier implemented by a third party, over which the end-user of the bowtie or project has no direct influence.

Grey
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Geological Barrier
Supporting Activities
Supporting Activity

Variable Parameters

Degradation Factor

Supporting Activities

Variable Parameters

Figure 85. Representation of bow-tie barrier colouring and generic descriptions of how the barrier acts
to stop (either fully or partially) the threat from causing the hazard, or how the barrier mitigates the
consequence.

Figure 86. Diagrammatic representation of the relationship between barrier effectiveness and
uncertainty.
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Semi-Quantitative Workshop Method
Table 41. Severity / Duration Matrix used in the semi-quantitative workshop to initially consider the
potential severity and duration of a leak along each of the selected leak paths.
Severity (Release Rate)

Very Small

Small

Medium

Large

Catastrophic

(≤1t/day)

(≤10t/day)

(≤100t/day)

(≤1,000t/day)

(>1,000t/day)

Short
(≤1 year)
Medium
Duration

(≤10 yrs)
Long
(≤100 yrs)
Extended
(>100 yrs)

Table 42. Likelihood Band Definitions used during the semi-quantitative workshop to assess the
likelihood of each of the selected leak paths based on different timescales of interest.
Likelihood
Almost
Impossible

Very Unlikely

Definition
Never heard of in the Industry or in the team’s experience in similar industries.
Probability of occurrence of <1% over the timescale selected
Never heard of in the industry but encountered in the team’s experience of similar
industries.
Probability of occurrence of <10% over the timescale selected

Likely

Heard of in the industry or expected to occur based on the team’s experience of similar
industries.
Probability of occurrence of ~70% over the timescale selected

Almost Certain

Expected to occur.
Probability of occurrence of >90% over the timescale selected
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Semi-Quantitative Workshop Leak Pathways

Figure 87. Bow-tie Leak Pathway – CO2 flows vertically out of the primary storage reservoir through
existing / legacy well(s).
Table 43. Barrier Descriptors for CO2 flows vertically out of the primary storage reservoir through
existing / legacy well(s).
Barrier
Site Engineering: Positioning of
Wells / Location of CO2 Injection
in relation to known / potential
existing / legacy wells

Geological Properties: Extent to
which (primary) storage reservoir
pore pressure is sub-hydrostatic

Good Descriptor
Injection well(s) positioned such
that legacy wells are a significant
distance beyond that which the
CO2 plume is expected to reach

Pressure-driven flow is effectively
restricted. Storage complex
pressure will remain at subhydrostatic levels throughout the
life of the storage complex.
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Poor Descriptor
Injection well(s) positioned such
that the CO2 plume is expected to
reach existing / legacy wells
Pressure-driven flow is not
restricted. Reservoir pressure is
predicted to return to greater than
hydrostatic levels during the early
life of the storage complex.
Repressurisation / recharging
may potentially be caused by
communication with other
reservoirs of pressurised fluid.
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Figure 88. Bow-tie Leak Pathway – CO2 flows vertically out of the primary storage reservoir through
new fractures induced from stresses associated with injection.
Table 44. Barrier Descriptors for CO2 flows vertically out of the primary storage reservoir through
new fractures induced from stresses associated with injection.
Barrier
Geological Properties: Extent to
which primary seal constrains
fracture growth / seals induced
fracture networks
Geological Properties: Extent to
which injectivity / permeability of
storage complex distributes the
injection pressure throughout the
complex preventing localised
build-up of pressure

Good Descriptor
1) Fracture pressure of primary
seal is high / Effective stress on
primary seal during injection is
low
2) Primary seal has high clay
content, any fractures will likely
be low permeability.
Reservoir injectivity is good,
pressure will be evenly
distributed throughout the
reservoir, preventing any
localised build-up of pressure.
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Poor Descriptor
1) Effective stress on primary
seal during injection is high
2) Primary seal has high
mechanical strength, any
fractures will likely be high
permeability.
Reservoir injectivity is poor,
pressure will be not evenly
distributed throughout the
reservoir, increasing the
likelihood of localised build-up of
pressure to the primary seal.
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Figure 89. Bow-tie Leak Pathway – CO2 flows laterally out of the primary storage reservoir.
Table 45. Barrier Descriptors for CO2 flows laterally out of the primary storage reservoir.
Barrier

Good Descriptor

Poor Descriptor

Geological Properties: Geometry
and features of storage complex
and primary seal, e.g. spill points,
faults that act as barriers to
lateral migration

The geometry and capacity of the
primary storage reservoir ensures
that the CO2 plume does not
approach the lateral extents of
the reservoir or any spill points.
Geology acts to effectively limit
lateral migration of CO2 e.g.
significant structural dip,
impermeable fault, and/or lateral
formations with low permeability.

The CO2 plume is expected to
exceed the lateral extents of the
reservoir or pass spill point(s)
OR
Geology does not act to
effectively limit lateral migration
of CO2.

Injection well location(s) are
selected such that identified
lateral leak paths are a significant
lateral distance beyond that
which the injected CO2 is
expected to reach

Injection well location(s) are not
selected such that identified
geological features, e.g. spill
points and lateral leak paths are
beyond or equal to that which the
injected CO2 is expected to
reach. The CO2 plume is
expected to reach spill points or
lateral leak paths.

Site Engineering: Positioning of
wells / location of CO2 injection in
relation to known geological
features, e.g. spill Points such
that plume migration is directed
away from known significant
lateral leak paths
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Figure 90. Bow-tie Leak Pathway – Presence of fracture network / fault provides preferential pathway
for release from primary storage reservoir.
Table 46. Barrier Descriptors for the presence of fracture network / fault provides preferential
pathway for release from primary storage reservoir.
Barrier

Good Descriptor

Poor Descriptor

Geological Properties: Extent to
which degree of fault
development and location of
significant faults and fractures
reduces likelihood of release

Fracture density in the primary
seal is low.
There are no faults in the primary
seal.

Fracture density in the primary
seal is high. There are
throughgoing faults in the primary
seal.

Geological Properties: Extent to
which (primary) storage reservoir
pore pressure is sub-hydrostatic

Pressure-driven flow is effectively
restricted. Storage complex
pressure will remain at subhydrostatic levels throughout the
life of the storage complex.

Pressure-driven flow is not
restricted. Reservoir pressure is
predicted to return to greater than
hydrostatic levels during the early
life of the storage complex.
Repressurisation / recharging
may potentially be caused by
communication with other
reservoirs of pressurised fluid.

Geological Properties: Properties
of fault / fracture network
constrains flow along fault /
fracture network

Permeability of primary seal
fracture networks is expected to
be low [<1 microdarcy].
Permeability of fracture network
is expected to terminate flow
along fracture network. The
lithology of the primary seal has a
high clay content, which is
consistent with low permeability

Permeability of primary seal
fracture networks is expected to
be medium / high [>1 00
microdarcy]. Permeability of
fracture network is expected to
partially restrict flow along
fracture network. The lithology of
the primary seal is mechanically
strong, which is consistent with
high permeability fractures
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Barrier

Good Descriptor

Site Engineering: Positioning of
wells / location of CO2 injection in
relation to known faults / fracture
networks such that plume
migration is directed away from
known significant faults and
fractures

Injection well location(s) are
selected such that identified
permeable faults and fracture
networks are a significant lateral
distance beyond that which the
injected CO2 is expected to reach

Poor Descriptor
Injection well location(s) are not
selected such that identified
permeable faults and fracture
networks are beyond or equal to
that which the injected CO2 is
expected to reach. The CO2
plume is expected to reach
permeable faults, which may
provide a preferential pathway for
release from the primary
reservoir.

Figure 91. Bow-tie Leak Pathway – CO2 flows vertically out of the primary storage reservoir through
abandoned (former) injection well.
Table 47. Barrier Descriptors for CO2 flows vertically out of the primary storage reservoir through
abandoned (former) injection well.
Barrier
Well Engineering - Integrity of
Primary Well Barrier Envelope:
Extent to which well
abandonment plan developed
and implemented according to
good practice
Well Engineering - Integrity of
Secondary Well Barrier
Envelope: Extent to which well
abandonment plan developed
and implemented according to
good practice

Good Descriptor

Poor Descriptor

High integrity primary well barrier
envelope cement plug.

Low integrity (or not existent) well
barrier envelope cement plug.

High integrity secondary well
barrier envelope cement plug.

Low integrity (or not existent)
secondary well barrier envelope
cement plug.
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Barrier
Well Engineering - Integrity of
Open to Surface Well Barrier
Envelope: Extent to which well
abandonment plan developed
and implemented according to
good practice

Good Descriptor

Poor Descriptor

High integrity open to surface
well barrier envelope cement
plug.

Low integrity (or not existent)
open to surface well barrier
envelope cement plug.

Figure 92. Bow-tie Leak Pathway – CO2 flows vertically out of the primary storage reservoir through
(former) injection well repurposed as a monitoring well.
Table 48. Barrier Descriptors for CO2 flows vertically out of the primary storage reservoir through
(former) injection well repurposed as a monitoring well.
Barrier
Well Engineering - Primary
Barrier Envelope (integrity of
cement and its interfaces with
casing and surrounding geology)
Well Engineering - Secondary
Barrier Envelope (integrity of
cement and its interfaces with
casing and surrounding geology)

Geological Properties: Extent to
which (primary) storage reservoir
pore pressure is sub-hydrostatic

Good Descriptor

Poor Descriptor

High integrity primary well barrier
envelope.

Low integrity primary well barrier
envelope.

High integrity secondary well
barrier envelope.

Low integrity secondary well
barrier envelope.

Pressure-driven flow is effectively
restricted. Storage complex
pressure will remain at subhydrostatic levels throughout the
life of the storage complex.

Pressure-driven flow is not
restricted. Reservoir pressure is
predicted to return to greater than
hydrostatic levels during the early
life of the storage complex.
Repressurisation / recharging
may potentially be caused by
communication with other
reservoirs of pressurised fluid.
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Figure 93. Bow-tie Leak Pathway – CO2 release from injection well (during injection phase).
Table 49. Barrier Descriptors for CO2 release from injection well (during injection phase).
Barrier
Well Engineering - Primary
Barrier Envelope: Prevents flow
into annulus from Storage
Complex or from Injected CO2
Well Engineering - Secondary
Barrier Envelope: Prevents flow
into annulus from Storage
Complex or into environment
(subsurface or atmospheric) from
annulus

Good Descriptor

Poor Descriptor

High integrity primary well barrier
envelope.

External cement microannuli see comment - no warming of
CO2 - high shrinkage

High integrity secondary well
barrier envelope.

High integrity
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Figure 94. Bow-tie Leak Pathway – Triggered seismic event occurs due to reactivation of (critically)
pre-stressed fault following increase in reservoir pore pressure from CO2 injection.
Table 50. Barrier Descriptors for a triggered seismic event that occurs due to reactivation of
(critically) pre-stressed fault following increase in reservoir pore pressure from CO2 injection.
Barrier

Good Descriptor

Poor Descriptor

Geological Properties: Extent to
which injectivity / permeability of
storage complex distributes the
injection pressure throughout the
complex preventing localised
build-up of pressure

Reservoir injectivity is good,
pressure will be evenly
distributed throughout the
reservoir, preventing any
localised build-up of pressure.

Reservoir injectivity is poor,
pressure will be not evenly
distributed throughout the
reservoir, increasing the
likelihood of localised build-up of
pressure to the primary seal.

Fracture density in the primary
seal is low. There are no faults in
the storage complex. The degree
of fault / fracture development
across site is not sufficient for
seismicity to be triggered / faults
to be reactivated as a result of
injection stress.

Fracture density in the primary
seal is medium / high. There may
be significant faults in the storage
complex that are expected to be
reactivated by the stresses of
CO2 injection.
OR
For faults in the storage complex
geology, pre-existing stress
states, frictional properties,
stability, and orientation are
potentially conducive to
reactivation by the stresses of
CO2 injection resulting in
triggered seismic events based
on analogues to other sites
where triggered seismic events
have occurred.

Geological Properties: Extent to
which degree of fault zone
development and nature of faults
reduces likelihood of significant
seismicity
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Barrier

Good Descriptor

Well Engineering: Positioning of
wells / location of injection in
relation to known faults / fracture
networks

Injection well location(s) are
selected such that all identified
pre-stressed faults and fracture
networks are a significant lateral
distance beyond that which the
injected CO2 is expected to
reach.

Poor Descriptor
Injection well location(s) are not
selected such that identified prestressed faults and fracture
networks are beyond or equal to
that which the injected CO2 is
expected to reach. The CO2
plume is expected to reach prestressed faults, which may lead
to reactivation of the faults
resulting in significant seismic
activity.

Figure 95. Bow-tie Leak Pathway – Natural gas flows vertically out of the production zone through
new fractures created during hydraulic fracturing, beyond the target production zone.
Table 51. Barrier Descriptors for natural gas flows vertically out of the production zone through new
fractures created during hydraulic fracturing, beyond the target production zone.
Barrier
Geological Properties: Extent to
which shale constrains fracture
growth / seals induced fracture
networks
Geological Properties: Properties
of fault / fracture network
constrains flow along fault /
fracture network

Good Descriptor
Mechanical strength of shale is
such that fracturing of the
production zone can occur at
lower hydraulic pressures,
reducing the potential for
fractures beyond the target
production zone.
The lithology of strata beyond the
production zone has a high clay
content, which is consistent with
low permeability
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Poor Descriptor
Mechanical strength of shale is
such that fracturing of the
production zone can only occur at
higher hydraulic pressures,
increasing the potential for
fractures beyond the target
production zone.
The lithology of strata beyond the
production zone is mechanically
strong, which is consistent with
high permeability
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Barrier

Good Descriptor

Poor Descriptor

Geological Properties: Thickness
of shale formation / additional
confining strata above the
Production Zone

The shale formation and
additional confining strata is thick,
reducing the potential for
fracturing beyond the target zone

The shale formation and
additional confining strata is not
sufficient to reduce the potential
for fracturing beyond the target
zone

Figure 96. Bow-tie Leak Pathway – Natural gas flows vertically outside of the production zone
through abandoned (former) production / fracturing well.
Table 52. Barrier Descriptors for natural gas flows vertically outside of the production zone through
abandoned (former) production / fracturing well.
Barrier
Well Engineering - Integrity of
Primary Well Barrier Envelope:
Extent to which well
abandonment plan developed
and implemented according to
good practice
Well Engineering - Integrity of
Secondary Well Barrier
Envelope: Extent to which well
abandonment plan developed
and implemented according to
good practice
Well Engineering - Integrity of
Open to Surface Well Barrier
Envelope: Extent to which well
abandonment plan developed
and implemented according to
good practice

Good Descriptor

Poor Descriptor

High integrity primary well barrier
envelope cement plug.

Low integrity (or not existent) well
barrier envelope cement plug.

High integrity secondary well
barrier envelope cement plug.

Low integrity (or not existent)
secondary well barrier envelope
cement plug.

High integrity open to surface
well barrier envelope cement
plug.

Low integrity (or not existent)
open to surface well barrier
envelope cement plug.
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Figure 97. Bow-tie Leak Pathway – Natural gas release from production / fracturing well (during
production or fracturing phase).
Table 53. Barrier Descriptors for natural gas release from production / fracturing well (during
production or fracturing phase).
Barrier
Well Engineering - Primary
Barrier Envelope: Prevents flow
of hydrocarbons into annulus
from tubing or production zone

Good Descriptor

Poor Descriptor

High integrity primary well barrier
envelope.

Low integrity primary well barrier
envelope.

Well Engineering: Secondary
Well Barrier Envelope: Prevents
flow of hydrocarbons into annulus
from production zone or into
environment (subsurface or
atmospheric) from annulus

High integrity secondary well
barrier envelope.

Low integrity secondary well
barrier envelope.

Well Engineering: Extent to which
tubing and casing design adopts
good practice, e.g. three casing
strings (Surface, Intermediate,
and Production) - Production
casings extending below the
aquifer level

Good practice design - three
casing strings, production
casings extend below aquifer
level.

Fewer than three casing strings,
production casings do not extend
below aquifer level.
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Figure 98. Bow-tie Leak Pathway – Fracturing fluid flows vertically out of the production zone
through new fractures created during hydraulic fracturing, beyond the target production zone.
Table 54. Barrier Descriptors for fracturing fluid flows vertically out of the production zone through
new fractures created during hydraulic fracturing, beyond the target production zone.
Barrier

Geological Properties: Properties
of fault / fracture network
constrains flow along fault /
fracture network

Good Descriptor
Mechanical strength of shale is
such that fracturing of the
production zone can occur at
lower hydraulic pressures,
reducing the potential for
fractures beyond the target
production zone.
The lithology of strata beyond the
production zone has a high clay
content, which is consistent with
low permeability

Geological Properties: Thickness
of shale formation / additional
confining strata above the
Production Zone

The shale formation and
additional confining strata is thick,
reducing the potential for
fracturing beyond the target zone

Geological Properties: Extent to
which shale constrains fracture
growth / seals induced fracture
networks
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Poor Descriptor
Mechanical strength of shale is
such that fracturing of the
production zone can only occur at
higher hydraulic pressures,
reducing the potential for
fractures beyond the target
production zone.
The lithology of strata beyond the
production zone is mechanically
strong, which is consistent with
high permeability
The shale formation and
additional confining strata is not
sufficient to reduce the potential
for fracturing beyond the target
zone
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Figure 99. Bow-tie Leak Pathway – Fracturing fluid release from production / fracturing well (during a
fracturing phase).
Table 55. Barrier Descriptors for fracturing fluid release from production / fracturing well (during a
fracturing phase).
Barrier
Well Engineering - Primary
Barrier Envelope: Prevents flow
of hydrocarbons into annulus
from tubing or production zone

Good Descriptor

Poor Descriptor

High integrity primary well barrier
envelope.

Low integrity primary well barrier
envelope.

Well Engineering: Secondary
Well Barrier Envelope: Prevents
flow of hydrocarbons into annulus
from production zone or into
environment (subsurface or
atmospheric) from annulus

High integrity secondary well
barrier envelope.

Low integrity secondary well
barrier envelope.

Well Engineering: Extent to which
tubing and casing design adopts
good practice, e.g. three casing
strings (Surface, Intermediate,
and Production) - Production
casings extending below the
aquifer level

Good practice design - three
casing strings, production
casings extend below aquifer
level.

Fewer than three casing strings,
production casings do not extend
below aquifer level.

120

Copyright © SECURe 2020

Figure 100. Bow-tie Leak Pathway – Displacement of formation fluid outside of the production zone
as a result of hydraulic fracturing.
Table 56. Barrier Descriptors for displacement of formation fluid outside of the production zone as a
result of hydraulic fracturing.
Barrier

Good Descriptor

Poor Descriptor

Geological Properties: Extent to
which hydraulic properties of the
production zone / other strata
prevents the displacement of
formation fluid

Production zone prevents
displacement of formation fluid

Production zone does not prevent
displacement of formation fluid

Figure 101. Bow-tie Leak Pathway – Triggered seismic event occurs due to reactivation of (critically)
pre-stressed fault.
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Table 57. Barrier Descriptors for a triggered seismic event that occurs due to reactivation of
(critically) pre-stressed fault.
Barrier
Geological Properties: Extent to
which rock formation resists
seismic events

Good Descriptor

Poor Descriptor

Rock formation resists seismic
events

Rock formation does not resist
seismic events

Geological Properties: Extent to
which degree of fault zone
development and nature of faults
reduces likelihood of significant
seismicity

Fracture density in the primary
seal is low. There are no faults in
the storage complex. The degree
of fault / fracture development
across site is not sufficient for
seismicity to be triggered / faults
to be reactivated as a result of
injection stress.

Well Engineering: Positioning of
wells / location of injection in
relation to known faults / fracture
networks

Injection well location(s) are
selected such that all identified
pre-stressed faults and fracture
networks are a significant lateral
distance beyond that which the
injected CO2 is expected to
reach.
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Fracture density in the primary
seal is medium / high. There may
be significant faults in the storage
complex that are expected to be
reactivated by the stresses of
CO2 injection.
OR
For faults in the storage complex
geology, pre-existing stress
states, frictional properties,
stability and orientation are
potentially conducive to
reactivation by the stresses of
CO2 injection resulting in
triggered seismic events based
on analogues to other sites
where triggered seismic events
have occurred.
Injection well location(s) are not
selected such that identified prestressed faults and fracture
networks are beyond or equal to
that which the injected CO2 is
expected to reach. The CO2
plume is expected to reach prestressed faults, which may lead
to reactivation of the faults
resulting in significant seismic
activity.
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Figure 102. Bow-tie Leak Pathway – Leak from primary storage reservoir to a receptor, e.g.
groundwater (1).
Table 58. Barrier Descriptors for a leak from primary storage reservoir to a receptor, e.g. groundwater
(1).
Barrier
Geological Properties: Extent to
which geological layers above the
primary seal / between the
storage reservoir and receptors
store / slow down movement of
CO2

Good Descriptor

Poor Descriptor

Significant buffering capacity and
/ or secondary storage unit.

No significant buffering capacity
or secondary storage unit.

Layers above the primary seal
are a low permeability

Layers above the primary seal
are a high permeability
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Figure 103. Bow-tie Leak Pathway – Leak from primary storage reservoir to a receptor, e.g.
groundwater (2).
Table 59. Barrier Descriptors for a leak from primary storage reservoir to a receptor, e.g. groundwater
(2).
Barrier

Good Descriptor

Poor Descriptor

Geological Properties: Separation
of storage complex from potential
receptors

There is good separation between
storage complex and receptors,
e.g. 10 km radially.

There is no separation between
storage complex and potential
receptors
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Figure 104. Bow-tie Leak Pathway – Leak from primary storage reservoir through abandoned or
monitoring well to a receptor, e.g. groundwater.
Table 60. Barrier Descriptors for a leak from primary storage reservoir through abandoned or
monitoring well to a receptor, e.g. groundwater.
Barrier
Geological Properties: Extent to
which geological layers /
formation seals well and prevents
/ slows down release of CO2

Good Descriptor

Poor Descriptor

In situ formation provides
effective seal for well

In situ formation provides does
not provide an effective seal for
well

Figure 105. Bow-tie Leak Pathway – Significant seismic event.
Table 61. Barrier Descriptors for a significant seismic event.
Barrier
Depth of induced seismic activity
will limit intensity (peak partial
velocity) of movement at surface
- BGS research indicates that
geomechanical properties of
shallow geology is more a
determining factor on the extent
of ground movement than depth

Good Descriptor

Poor Descriptor

Geomehcanical properties of
shallow geology are not
conducive to significant seismic
events

Geomehcanical properties of
shallow geology are conducive to
significant seismic events

Seismic activity takes place at
significant depth
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Seismic activity takes place at
shallow depths
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Figure 106. Bow-tie Leak Pathway – Leak from well / production zone to a receptor, e.g. groundwater.
Table 62. Barrier Descriptors for a leak from well / production zone to a receptor, e.g. groundwater.
Barrier
Geological Properties: Extent to
which geological layers above the
production zone / between the
production zone and receptors
slow down movement of natural
gas

Good Descriptor

Poor Descriptor

Significant buffering capacity and
/ or secondary storage unit.

No significant buffering capacity
or secondary storage unit.

Layers above the primary seal
are a low permeability

Layers above the primary seal
are a high permeability

126

Copyright © SECURe 2020

Figure 107. Bow-tie Leak Pathway – Leak from production zone to a receptor, e.g. groundwater.
Table 63. Barrier Descriptors for a leak from production zone to a receptor, e.g. groundwater.
Barrier
Geological Properties: Separation
of shale formation from potential
receptors

Good Descriptor
There is good separation
between storage complex and
receptors, e.g. 100 km radially.

Poor Descriptor
There is no separation between
storage complex and potential
receptors

Figure 108. Bow-tie Leak Pathway – Leak from well to a receptor, e.g. groundwater.

127

Copyright © SECURe 2020

Table 64. Barrier Descriptors for a leak from well to a receptor, e.g. groundwater.
Barrier
Geological Properties: Extent to
which geological layers /
formation seals well and prevents
/ slows down release of natural
gas

Good Descriptor

Poor Descriptor

In situ formation provides
effective seal for well

In situ formation provides does
not provide an effective seal for
well

Figure 109. Bow-tie Leak Pathway – Leak from production zone and liberated contaminants to a
receptor, e.g. groundwater.
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Figure 110. Bow-tie Leak Pathway – Significant seismic event.
Table 65. Barrier Descriptors for a significant seismic event.
Barrier
Depth of induced seismic activity
will limit intensity (peak partial
velocity) of movement at surface
- BGS research indicates that
geomechanical properties of
shallow geology is more a
determining factor on the extent
of ground movement than depth

Good Descriptor

Poor Descriptor

Geomechanical properties of
shallow geology are conducive to
significant seismic events

Geomechanical properties of
shallow geology are conducive to
significant seismic events

Seismic activity takes place at
significant depth

Seismic activity takes place at
shallow depths
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Sensitivity Studies
Table 66. CO2 threat leak pathway barrier sensitivity studies.
Ref.

1

2

3

4

5

CO2 Threat Leak Path

CO2 flows vertically out
of the primary storage
reservoir through
existing / legacy well(s)

CO2 flows vertically out
of the primary storage
reservoir through new
fractures induced from
stresses associated
with injection

CO2 flows laterally out
of the primary storage
reservoir

Presence of fracture
network / fault provides
preferential pathway
for release from
Primary Storage
Reservoir

CO2 flows vertically out
of the primary storage
reservoir through

Sensitivity
Case

Barrier
1

Barrier
2

Barrier
3

Barrier
4

Severity

Duration

Rank

Base

Good

Good

-

-

Very
Small

Short

Very Low

Almost
Certain

Almost
Impossible

S1

Poor

Good

-

-

Very
Small

Long

Low

Almost
Certain

Almost
Impossible

S2

Poor

Good

-

-

Very
Small

Long

Low

S3

Poor

Poor

-

-

Small

Long

Medium

Almost
Certain

Very
Unlikely

S4

Poor

Poor

-

-

Small

Long

Medium

Almost
Certain

Likely

1. Geological Properties: Extent to which
primary seal constrains fracture growth /
seals induced fracture networks
2. Geological Properties: Extent to which
injectivity / permeability of storage complex
distributes the injection pressure throughout
the complex preventing localised build-up of
pressure

Base

Good

Good

-

-

Very
Small

Short

Very Low

10,000
Years

Almost
Impossible

Almost
Impossible

S1

Poor

Good

-

-

Medium

Short

Low

-

-

Likely

S2

Good

Poor

-

-

Medium

Short

Low

-

-

Very
Unlikely

S3

Poor

Poor

-

-

Medium

Short

Low

-

-

Almost
Certain

1. Geological Properties: Geometry and
features of storage complex and primary
seal, e.g. spill points, faults that act as
barriers to lateral migration
2. Site Engineering: Positioning of wells /
location of CO2 injection in relation to
known geological features, e.g. spill Points
such that plume migration is directed away
from known significant lateral leak paths

Base

Good

Good

-

-

Very
Small

Short

Very Low

Almost
Impossible

Almost
Impossible

S1

Poor

Good

-

-

Small

Long

Medium

Very
Unlikely

Very
Unlikely

S2

Good

Poor

-

-

Small

Long

Medium

S3

Poor

Poor

-

-

Small

Long

Medium

Very
Unlikely

Likely

Base

Good

Good

Good

Good

Very
Small

Short

Very Low

Almost
Impossible

Almost
Impossible

S1

Poor

Good

Good

Good

Very
Small

Extended

Medium

Likely

Very
Unlikely

S2

Poor

Poor

Good

Good

Small

Extended

Medium

Almost
Certain

Very
Unlikely

S3

Poor

Good

Poor

Good

Very
Small

Extended

Medium

Likely

Likely

S4

Poor

Poor

Poor

Poor

Small

Extended

Medium

Almost
Certain

Almost
Certain

Base

Good

Good

Good

-

Very
Small

Short

Very Low

Almost
Impossible

Almost
Impossible

-

Very
Small

Barriers

1. Site Engineering: Positioning of Wells /
Location of CO2 Injection in relation to
known / potential existing / legacy wells
2. Geological Properties: Extent to which
(primary) storage reservoir pore pressure is
sub-hydrostatic

1. Geological Properties: Extent to which
degree of fault development and location of
significant faults and fractures reduces
likelihood of release
2. Geological Properties: Extent to which
(primary) storage reservoir pore pressure is
sub-hydrostatic
3. Geological Properties: Properties of fault
/ fracture network constrains flow along
fault / fracture network
4. Site Engineering: Positioning of wells /
location of CO2 injection in relation to
known faults / fracture networks such that
plume migration is directed away from
known significant faults and fractures
1. Well Engineering - Integrity of Primary
Well Barrier Envelope: Extent to which well
abandonment plan developed and
implemented according to good practice
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Timescale
(1)

10,000
Years

Likelihood
(1)

Almost
Certain

Timescale
(2)

30 Years

30 Years

S1

Poor

Good
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Good

Long

Low

10,000
Years

10,000
Years

10,000
Years

Very
Unlikely

Almost
Certain

30 Years

30 Years

100 Years

Likelihood
(2)

Very
Unlikely

Very
Unlikely

Likely

Ref.

CO2 Threat Leak Path
abandoned (former)
injection well

6

7

8

CO2 flows vertically out
of the primary storage
reservoir through
(former) injection well
repurposed as a
monitoring well

CO2 release from
injection well (during
injection phase)

Triggered seismic
event occurs due to
reactivation of
(critically) pre-stressed
fault following increase
in reservoir pore
pressure from CO2
injection

Barriers
2. Well Engineering - Integrity of Secondary
Well Barrier Envelope: Extent to which well
abandonment plan developed and
implemented according to good practice
3. Well Engineering - Integrity of Open to
Surface Well Barrier Envelope: Extent to
which well abandonment plan developed
and implemented according to good
practice
1. Well Engineering - Primary Barrier
Envelope (integrity of cement and its
interfaces with casing and surrounding
geology)
2. Well Engineering - Secondary Barrier
Envelope (integrity of cement and its
interfaces with casing and surrounding
geology)
3. Geological Properties: Extent to which
(primary) storage reservoir pore pressure is
sub-hydrostatic

1. Well Engineering - Primary Barrier
Envelope: Prevents flow into annulus from
Storage Complex or from Injected CO2
2. Well Engineering - Secondary Barrier
Envelope: Prevents flow into annulus from
Storage Complex or into environment
(subsurface or atmospheric) from annulus

1. Geological Properties: Extent to which
injectivity / permeability of storage complex
distributes the injection pressure throughout
the complex preventing localised build-up of
pressure
2. Geological Properties: Extent to which
degree of fault zone development and
nature of faults reduces likelihood of
significant seismicity
3. Well Engineering: Positioning of wells /
location of injection in relation to known
faults / fracture networks

Sensitivity
Case

Barrier
1

Barrier
2

Barrier
3

Barrier
4

Severity

Duration

Rank

Timescale
(1)

S2

Good

Poor

Good

-

Very
Small

Long

Low

Likely

Very
Unlikely

S3

Good

Good

Poor

-

Very
Small

Long

Low

Very
Unlikely

Very
Unlikely

S4

Poor

Poor

Poor

-

Medium

Long

Medium

Almost
Certain

Likely

Base

Good

Good

Good

-

Very
Small

Short

Very Low

Almost
Impossible

Almost
Impossible

S1

Good

Good

Poor

-

Very
Small

Long

Low

Very
Unlikely

Very
Unlikely

S2

Poor

Good

Poor

-

Small

Long

Medium

S3

Good

Poor

Poor

-

Very
Small

Long

Low

Very
Unlikely

Very
Unlikely

S4

Poor

Poor

Poor

-

Small

Long

Medium

Almost
Certain

Almost
Certain

Base

Good

Good

-

-

Very
Small

Short

Very Low

Very
Unlikely

-

-

S1

Poor

Good

-

-

Large

Short

Medium

Very
Unlikely

-

-

S2

Good

Poor

-

-

Large

Short

Medium

Almost
Impossible

-

-

S3

Poor

Poor

-

-

Large

Short

Medium

Likely

-

-

S4

Poor

Good

-

-

Very
Small

Long

Low

Likely

Almost
Certain

Base

Good

Good

Good

-

-

-

-

Almost
Impossible

Almost
Impossible

S1

Poor

Good

Good

-

-

-

-

Very
Unlikely

Almost
Impossible

S2

Good

Poor

Good

-

-

-

-

100 Years

30 Years

Likelihood
(1)

Almost
Certain

Timescale
(2)

30 Years

Likely
30 Years

Likelihood
(2)

Likely

Likely
100 Years

S3

Good

Good

Poor

-

-

-

-

Very
Unlikely

Almost
Impossible

S4

Good

Poor

Poor

-

-

-

-

Likely

Likely

S5

Poor

Poor

Poor

-

-

-

-

Almost
Certain

Likely

Sensitivity
Case

Barrier
1

Barrier
2

Barrier
3

Barrier
4

Severity

Duration

Rank

Base

Good

Good

Good

-

Very
Small

Short

Very Low

Table 67. Unconventionals threat leak pathway barrier sensitivity studies.
Ref.
1

Unconventionals
Threat Leak Path
Natural gas flows
vertically out of the

Barriers
1. Geological Properties: Extent to which
shale constrains fracture growth / seals
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Timescale
(1)
10,000
Years

Likelihood
(1)
Almost
Impossible

Timescale
(2)
30 Years

Likelihood
(2)
Almost
Impossible

Ref.

2

3

4

5

Unconventionals
Threat Leak Path
production zone
through new fractures
created during
hydraulic fracturing,
beyond the target
production zone

Natural gas flows
vertically outside of the
production zone
through abandoned
(former) production /
fracturing well

Natural gas release
from production /
fracturing well (during
production or fracturing
phase)

Fracturing fluid flows
vertically out of the
production zone
through new fractures
created during
hydraulic fracturing,
beyond the target
production zone

Fracturing fluid release
from production /
fracturing well (during
a fracturing phase)

Barriers
induced fracture networks
2. Geological Properties: Properties of fault
/ fracture network constrains flow along
fault / fracture network
3. Geological Properties: Thickness of
shale formation / additional confining strata
above the Production Zone

1. Well Engineering - Integrity of Primary
Well Barrier Envelope: Extent to which well
abandonment plan developed and
implemented according to good practice
2. Well Engineering - Integrity of Secondary
Well Barrier Envelope: Extent to which well
abandonment plan developed and
implemented according to good practice
3. Well Engineering - Integrity of Open to
Surface Well Barrier Envelope: Extent to
which well abandonment plan developed
and implemented according to good
practice
1. Well Engineering - Primary Barrier
Envelope: Prevents flow of hydrocarbons
into annulus from tubing or production zone
2. Well Engineering: Secondary Well
Barrier Envelope: Prevents flow of
hydrocarbons into annulus from production
zone or into environment (subsurface or
atmospheric) from annulus
3. Well Engineering: Extent to which tubing
and casing design adopts good practice,
e.g. three casing strings (Surface,
Intermediate, and Production) - Production
casings extending below the aquifer level
1. Geological Properties: Extent to which
shale constrains fracture growth / seals
induced fracture networks
2. Geological Properties: Properties of fault
/ fracture network constrains flow along
fault / fracture network
3. Geological Properties: Thickness of
shale formation / additional confining strata
above the Production Zone
1. Well Engineering - Primary Barrier
Envelope: Prevents flow of hydrocarbons
into annulus from tubing or production zone
2. Well Engineering: Secondary Well
Barrier Envelope: Prevents flow of
hydrocarbons into annulus from production
zone or into environment (subsurface or
atmospheric) from annulus
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Sensitivity
Case

Barrier
1

Barrier
2

Barrier
3

Barrier
4

S1

Poor

Good

Good

-

S2

Good

Poor

Good

-

S3

Good

Good

Poor

-

S4

Poor

Poor

Poor

-

S5

Poor

Poor

Good

-

Base

Good

Good

Good

-

S1

Poor

Good

Good

-

S2

Good

Poor

Good

-

S3

Good

Good

Poor

-

S4

Poor

Poor

Poor

-

Base

Good

Good

Good

S1

Poor

Good

S2

Good

S3

Timescale
(1)

Likelihood
(1)

Duration

Rank

Medium

Very Low

Likely

Medium

Very Low

Likely

Small

Medium

Low

Small

Medium

Low

Medium

Very Low

Short

Very Low

Long

Low

Long

Low

Long

Low

Very
Small

Long

Low

Almost
Certain

-

Very
Small

Short

Very Low

Almost
Impossible

Good

-

Small

Medium

Low

Likely

Poor

Good

-

Small

Medium

Low

Good

Good

Poor

-

Small

Medium

Low

S4

Poor

Poor

Poor

-

Small

Medium

Low

Base

Good

Good

Good

-

Very
Small

Short

Very Low

S1

Poor

Good

Good

-

Medium

Short

Low

S2

Good

Poor

Good

-

Medium

Short

Low

S3

Good

Good

Poor

-

Medium

Short

Low

S4

Poor

Poor

Poor

-

Medium

Short

Low

Base

Good

Good

Good

-

Large

Short

Medium

S1

Poor

Good

Good

-

Large

Short

Medium

S2

Good

Poor

Good

-

Large

Short

Medium

S3

Good

Good

Poor

-

Large

Short

Medium
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Severity
Very
Small
Very
Small

Very
Small
Very
Small
Very
Small
Very
Small
Very
Small

Timescale
(2)

Very
Unlikely
Almost
Certain

10,000
Years

100 Years

Likelihood
(2)
Very
Unlikely
Very
Unlikely
Very
Unlikely
Likely

Likely

Likely

Very
Unlikely
Almost
Certain

Almost
Impossible
Likely

Likely
Very
Unlikely

Very
Unlikely
Very
Unlikely

100 Years

Likely

30 Years

10,000
Years

-

-

100 Years

Almost
Impossible
Very
Unlikely
Very
Unlikely
Very
Unlikely

Almost
Impossible
Almost
Certain
Very
Unlikely
Very
Unlikely
Almost
Certain

Likely
Almost
Impossible
Very
Unlikely
Likely
Very
Unlikely

Very
Unlikely
Very
Unlikely

30 Years

30 Years

Almost
Impossible
Very
Unlikely
Likely
Very
Unlikely
Almost
Certain
Almost
Impossible
Almost
Certain
Very
Unlikely
Very
Unlikely

Ref.

6

7

Unconventionals
Threat Leak Path

Barriers

Sensitivity
Case

Barrier
1

Barrier
2

Barrier
3

Barrier
4

Severity

Duration

Rank

3. Well Engineering: Extent to which tubing
and casing design adopts good practice,
e.g. three casing strings (Surface,
Intermediate, and Production) - Production
casings extending below the aquifer level

S4

Poor

Poor

Poor

-

Large

Short

Medium

Timescale
(1)

Likelihood
(1)

Timescale
(2)

Likelihood
(2)

Likely

Almost
Certain
Almost
Impossible

Displacement of
formation fluid outside
of the production zone
as a result of hydraulic
fracturing

1. Geological Properties: Extent to which
hydraulic properties of the production zone /
other strata prevents the displacement of
formation fluid

Base

Good

-

-

-

Very
Small

Short

Very Low

10,000
Years

Almost
Impossible

S1

Poor

-

-

-

Small

Short

Very Low

100 Years

Likely

Likely

Base

Good

Good

Good

-

-

-

-

Triggered seismic
event occurs due to
reactivation of
(critically) pre-stressed
fault

1. Geological Properties: Extent to which
rock formation resists seismic events
2. Geological Properties: Extent to which
degree of fault zone development and
nature of faults reduces likelihood of
significant seismicity
3. Well Engineering: Positioning of wells /
location of injection in relation to known
faults / fracture networks

S1

Poor

Good

Good

-

-

-

-

S2

Good

Poor

Good

-

-

-

-

30 Years

100 Years

S3

Good

Good

Poor

-

-

-

-

S4

Good

Poor

Poor

-

-

-

-

Almost
Impossible
Almost
Impossible
Likely
Almost
Impossible
Likely

S5

Poor

Poor

Poor

-

-

-

-

Almost
Impossible
Very
Unlikely
Likely
Very
Unlikely
Likely
Almost
Certain

Sensitivity
Case

Barrier
1

Barrier
2

Barrier
3

Barrier
4

Severity

Duration

Rank

Poor

-

-

-

Small

Medium

Low

Likelihood
for 1,000
years
Almost
Certain

Likelihood
for 100
years
Almost
Certain

Likelihood
for 30
years

Base

Likelihood
for 10,000
years
Almost
Certain

S1

Good

-

-

-

Very Small

Short

Very Low

Very
Unlikely

Very
Unlikely

Almost
Impossible

Almost
Impossible

Base

Poor

-

-

-

Small

Medium

Low

S1

Fair

-

-

-

Small

Medium

Low

S2

Good

-

-

-

Small

Medium

Low

Very
Unlikely
Very
Unlikely
Almost
Impossible

Base

Poor

-

-

-

Small

Medium

Low

Almost
Certain

Very
Unlikely
Very
Unlikely
Very
Unlikely
Almost
Certain

S1

Good

-

-

-

Small

Medium

Low

Likely

Very
Unlikely

Very
Unlikely

Very
Unlikely

Base

Good

-

-

-

-

-

-

-

-

-

Almost
Impossible

S1

Poor

-

-

-

-

-

-

-

-

-

Likely

30 Years

Likely

Table 68. CO2 consequence leak pathway barrier sensitivity studies.
Ref.

1

2.1

2.2

3

CO2 Consequence
Leak Path
Leak from primary
storage reservoir to a
receptor, e.g.
groundwater
Leak from primary
storage reservoir
through abandoned or
monitoring well to a
receptor, e.g.
groundwater
Leak from primary
storage reservoir
through abandoned or
monitoring well to a
receptor, e.g.
groundwater

Significant seismic
event

Barriers
1. Geological Properties: Extent to which
geological layers above the primary seal /
between the storage reservoir and
receptors store / slow down movement of
CO2
1. Geological Properties: Separation of
storage complex from potential receptors

1. Geological Properties: Extent to which
geological layers / formation seals well and
prevents / slows down release of CO2
1. Depth of induced seismic activity will limit
intensity (peak partial velocity) of
movement at surface - BGS research
indicates that geomechanical properties of
shallow geology is more a determining
factor on the extent of ground movement
than depth
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Almost
Certain
Almost
Certain
Almost
Certain
Almost
Certain

Likely
Likely
Likely

Likely

Likely

Table 69. Unconventionals consequence leak pathway barrier sensitivity studies.
Ref.

1

2

3

4

5

Unconventionals
Consequence Leak
Path
Leak from well /
production zone to a
receptor, e.g.
groundwater
Leak from production
zone to a receptor, e.g.
groundwater

Barriers
1. Geological Properties: Extent to which
geological layers above the production
zone / between the production zone and
receptors slow down movement of natural
gas
1. Geological Properties: Separation of
shale formation from potential receptors

Leak from well to a
receptor, e.g.
groundwater

1. Geological Properties: Extent to which
geological layers / formation seals well and
prevents / slows down release of natural
gas

Leak from production
zone and liberated
contaminants to a
receptor, e.g.
groundwater

1. Geological Properties: Site
characterisation identifies potential for
radiological / toxic hazards

Significant seismic
event

1. Depth of induced seismic activity will limit
intensity (peak partial velocity) of movement
at surface - BGS research indicates that
geomechanical properties of shallow
geology is more a determining factor on the
extent of ground movement than depth
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Likelihood
for 10,000
years
Almost
Certain

Likelihood
for 1,000
years
Almost
Certain

Likelihood
for 100
years
Almost
Certain

Almost
Certain

Almost
Certain

Likely

Very
Unlikely

Almost
Certain
Almost
Certain
Almost
Certain
Almost
Certain
Almost
Certain
Almost
Certain

Almost
Certain
Almost
Certain

Almost
Certain

Likely

Medium

Almost
Certain

-

-

-

-

Sensitivity
Case

Barrier
1

Barrier
2

Barrier
3

Barrier
4

Severity

Duration

Rank

Base

Poor

-

-

-

Medium

Medium

Medium

S1

Good

-

-

-

Medium

Medium

Medium

Base

Poor

-

-

-

Medium

Medium

Medium

S1

Fair

-

-

-

Medium

Medium

Medium

S2

Good

-

-

-

Medium

Medium

Medium

Base

Poor

-

-

-

Medium

Medium

Medium

S1

Good

-

-

-

Medium

Medium

Medium

Base

Poor

-

-

-

Medium

Medium

Medium

S1

Good

-

-

-

Medium

Medium

Base

Poor

-

-

-

-

S1

Good

-

-

-

-
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Likely
Almost
Certain
Almost
Certain
Almost
Certain

Likely
Very
Unlikely
Almost
Certain

Likelihood
for 30
years
Likely

Very
Unlikely
Almost
Impossible
Likely

Likely

Very
Unlikely

Almost
Certain

Likely

Almost
Certain

Likely

Very
Unlikely

Almost
Certain

Almost
Certain

Almost
Certain

Likely

Almost
Certain

Almost
Certain

Likely

Very
Unlikely

Glossary
API

American Petroleum Institute

BBN

Bayesian belief network

CCPS

Center for Chemical Process Safety

CCS

Carbon capture and storage

CPT

Conditional probability table

FEM

Finite element method

GUI

Graphical user interface

HSE

Health and Safety Executive (UK)

IADC

International Association of Drilling Contractors

ICI

Imperial Chemical Industries

INiG-PIB

Oil and Gas Institute – National Research Institute

ITS

Indirect tensile strength

MD

Measured depth

MF

Main Fault

MFC

Mass flow controller

MRST

MATLAB® Reservoir Simulation Toolbox

MT(U)RL

Mont Terri (Underground) Rock Laboratory

OC

Opalinus Clay

POF

Probability of failure

PSA

Petroleum Safety Authority (Norway)

SGR

Shale gouge ratio

SRIMA

Seal and Reservoir Integrity through Mechanical Analysis

SVG

Scalable vector graphics

TDS

Total dissolved solids

TVD

Total vertical depth

UCS

Unconfined compressive strength

WP

Work package
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